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ABSTRACT 


Troponin was isolated from bovine cardiac muscle employing the LiCl 
extraction procedure of Tsukui and Ebashi (33). By a combination of 
ion exchange and gel filtration chromatographies in the presence of 
urea, cardiac troponin onde be separated into three homogeneous compo- 
nents. These included: troponin I (TN-1), an ATPase inhibitory protein; 
troponin C (TN-C), a calcium binding protein; and troponin T (TN-T), a 
protein which interacts strongly with tropomyosin. 

Biological activity studies using a synthetic cardiac actomyosin 
ATPase assay system, in the presence of tropomyosin, demonstrated that 
TN-I could inhibit the Mec activated actomyosin ATPase by 60%. Addi- 
tion of TN-C reversed the inhibitory effect of TN-I. Incorporation of 
TN-T into the assay system, with TN-I and TN-C, converted the regulatory 
process into a Catt dependent one. In the absence of eae, the ATPase 
activity was inhibited. In the presence of Ga the inhibition was 
reversed completely. 

The cardiac troponin subunits were characterized with respect to a 
number of chemical and physical properties. Amino acid analysis dis- 
closed that TN-C was rich in acidic residues, while TN-I and TN-T were 
basic proteins. Sedimentation equilibrium data suggested molecular 
weights for TN-C, TN-I and TN-T, respectively, of 17,700, 

22,900 + 500 and 36,300 + 2,000. Circular dichroism (CD) spectra indi- 
cated that a significant percentage of the amino acid residues of each 
of the subunits were involved in a helical structures. 

CD data revealed that upon binding oh: TN-C underwent a major con- 


formational change. Although analytical gel filtration studies 
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determined that TN-C could bind 3 moles of ey per mole, titration of 
the observed change in ellipticity in CD spectra implied the binding of 
a single et to a particular site on TN-C generated the complete con- 
formational change observed by this method. 

CD measurements also demonstrated that interprotein interactions 
occurred in solutions containing mixtures of TN-C and TN-T, TIN-C and 
TN-L, and tropomyosin and TN-T. In those complexes involving TN-C, 
TN-IC, TN-CT and reconstituted troponin (TN-ICT), bao was able to elicit 
a conformational change analogous to that observed in isolated TN-C in 
solution. In TN-ICT, the presence of TN-I and TN-T appeared to enhance 
the magnitude of the conformational change. 

Polyacrylamide gel electrophoresis and cosedimentation experiments 
provided further evidence for complex formation between TN-C and TN-I, 


TN-C and TN-T,.and TN-T and tropomyosin. 
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according to standard procedure. Terms appearing in a mathematical 


relation are defined in the text referring to that equation. 
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ultraviolet 
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CHAPTER I 


INTRODUCTION 


A. VERTEBRATE STRIATED MUSCLE 

Several excellent reviews have been published which concern the 
molecular nature of contraction in vertebrate skeletal muscle (1, 2, 3). 
Cardiac, like skeletal muscle, is a cross-striated muscle. The great 
overall similarities, as well as distinct differences, between these 
two muscle types also have been reviewed extensively (4, 5, 6). 
Therefore, a detailed description of muscle structure at this point will 
be forgone in favour of a brief, general review. This discussion will 
be drawn from the above articles and will centre upon the schematic 
depiction of a striated muscle in Figure 1. This diagram could apply 
equally well to cardiac or skeletal muscle. 

A muscle fibre is composed of a longitudinally arranged, in register, 
array of myofilaments which exhibit a periodic band pattern when observed 
under the light microscope. These characteristic cross-striations are 
the result of alternating optically dense and less-dense transverse 
regions along the myofibril. Under polarized light, the optically 
dense or A bands are strongly birefringent (anisotropic), indicating 
that the molecular components in the region are asymmetric and are 
oriented in a specific direction. The optically light or I bands are 
relatively nonbirefringent (isotropic). 

Each A band is bisected by a dark line, the M line. Immediately 
adjacent to each side of the M line is a relatively less dense region. 
This narrow region of relatively low optical density in the middle of 


the dense A band is called the H Zone. 
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Figure 1. 


Schematic representation of myofibrillar structure. [From 
Lehninger (116).] 
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Bisecting the I bands is another set of dark lines, the Z lines. 
The space between two adjacent Z lines represents the functional unit 
of muscle contraction, the sarcomere. Sarcomere length is a function 
of total muscle length and ranges maximally from about 1.5 to 2.5 u. 

The band pattern of the sarcomere, and its alteration with the 
physiological state of the muscle, reflects both the disposition of the 
contractile macromolecules in the myofibril and their mode of action. 
The myofibrils consist of two kinds of myofilaments. In electron 
micrographs, thick filaments, about 150 A in diameter and 1.6 uy long, 
are observed to extend the length of the A bands. Thinner filaments, 
about 60 A in diameter, run from the Z line at the sarcomere edge, 
completely through the I band, and into the A band up to the edge of 
the H zone. There is an overlapping of the thick and thin filaments 
only within the A band. In this overlap region, electron micrographs 
show the existence of interfilamentous cross-bridges between the two 
filament types. 

In cross-section, the myofilaments are arranged in a hexagonal 
lattice. The thick and thin filaments are easily discernible and their 
interdigitation is apparent in the overlap region of the A band. 

Upon contraction, the sarcomere shortens. However, two dimensions 
within the sarcomere do not change, the length of the A band and the 
distance from the Z line to the edge of the H zone. This is depicted 
schematically in Figure 2. 

Figure 2 is, in fact, a crude representation of the sliding filament 
theory of muscle contraction. This model is characterized by three 
important features: (1) The proteins of the sarcomere are arranged in 


two separate kinds of filaments which can cross-connect; (2) Each type 
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Figure (25 Model for sarcomere contraction. The diagram displays one 
complete sarcomere and parts of the neighbouring ones. The differences 
in the striated pattern observed in resting muscle (A) and contracted 
muscle (B) can be explained by a sliding filament hypothesis. 
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of filament is discontinuous along the length of the myofibril; 

(3) Muscle shortening is due to a relative motion of one type of filament 
along the other, with no appreciable change in the lengths of the fila- 
ments themselves. This relative sliding motion is the result of the 
constant formation and disruption of the cross-bridges between the two 


myofilament classes. 


B. REGULATION OF STRIATED MUSCLE CONTRACTION IN VERTEBRATES 

The most important functional proteins in muscle are myosin and 
actin, the main constituents, respectively, of the thick and thin 
filaments. Aside from the proteins of the M and Z lines, and a number 
of, as yet, little understood components of the thick and thin filaments, 
two other proteins play a major role in muscle contraction. These are 
tropomyosin and troponin, which are located as a complex on the thin 
filaments. Together, they confer calcium sensitivity to the interaction 
between myosin and actin (7) and so represent the "on-off" switch for 
muscle contraction. 

The regulatory mechanism of vertebrate skeletal muscle has been 
under intensive investigation for about a decade and is thought to be 
reasonably well understood. Several reviews have dealt exclusively 
with this aspect of muscle action (8 - 11). 

Skeletal muscle troponin is a complex of three proteins (12 - 17): 
troponin I (TN-1I), which inhibits the Mosiesaceivared ATPase of acto- 
myosin; troponin C (TN-C), a calcium-binding protein which is responsible 
for reversing the TN-I-induced inhibitory effect; and troponin T (TN-T), 
which interacts strongly with tropomyosin. Each subunit has been 


characterized in detail and the amino acid sequence of each is known 
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(38 =. 20). 

The abundance of recent studies on troponin and tropomyosin has 
resulted in the development of a useful model to explain the regulatory 
process (21 - 23). Prior to a brief discussion of the model, consider 
a schematic representation of the structure of the thin filament 
(Figure 3, after Ebashi et al. (24)). F-Actin is represented as two 
strands of pearls wound around each other. Tropomyosin molecules are 
depicted as rods which lie end-to-end in the grooves of the actin 
strands, each spanning the length of 7 actin monomers. Associated with 
each tropomyosin, at a specific site, is one unit of troponin. 

In cross-section, the thin filament of resting muscle (pCa, = 8) 
can be represented as in Figure 4A (23). Troponin binds to the actin- 
tropomyosin filament at two sites; TN-T is attached to tropomyosin and 
TN-I to a site comprised of both actin and tropomyosin. In this con- 
figuration, troponin-tropomyosin links to f-actin sterically block the 
site on each actin monomer for interaction with myosin. 

On release of ca ions into the sarcoplasm bathing the myofilaments 
(pCa. = 5), the calcium binding sites on TN-C are saturated. Upon 
binding cae TN-C undergoes a dramatic conformational change (25, 26) 
which is transmitted through the remaining components of the system. 
The TN-I-tropomyosin-actin interaction is disrupted and the tropomyosin 
molecules shift deeper into the grooves between the f-actin strands, 
as depicted in Figure 4B (23). The movement of tropomyosin exposes 
the previously blocked interaction sites, allowing myosin molecules to 
contact actin. The net result is the hydrolysis of ATP and concomitant 
muscle contraction. 


Recent support has come for this model from 3-dimensional image 
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Figure 4. Model for the regulation of muscle contraction. The pro- 
teins represented are: actin, A; tropomyosin, TM, troponin I, [; 
troponin C, C3; troponin T, T; the heavy meromyosin subfragment one 
portion of myosin, HMM S-1. Short connecting lines represent molecular 
interactions. (A) Molecular positions in relaxed muscle (pCa = 8). 

(B) Molecular positions in contracting muscle (pCa =~ 5). [From Potter 
and Gergely (23).] 


reconstruction from electron micrographs (27), which also suggest that 
tropomyosin molecules shift from one position to another between the 


‘wand “off" states ‘of ‘muscle activity. 


Neat 
C. CARDIAC MUSCLE TROPONIN 

Ebashi et al. (28) isolated a fraction from bovine cardiac muscle 
which performed the same function as the analogous fraction, called 
troponin, from rabbit skeletal muscle. It rendered desensitized acto- 
myosin sensitive to regulation by calcium ions. Troponin from either 
tissue could perform its regulatory function on actomyosin from either 
muscle type. Therefore, cardiac muscle was proposed to have a calcium 
sensitization system similar to that found in skeletal muscle. 

The interpretation of the results of preliminary studies on cardiac 
troponin (29 — 32) was hampered by the large number of contaminants 
present in protein preparations. However, the reports did suggest that 
cardiac troponin possessed the same number and type of components as 
its skeletal analogue, although some of the subunits possessed different 
mobilities on SDS gels. 

At this time, a project was initiated in our laboratory to isolate 
troponin from beef hearts and to separate and characterize its consti- 
tuent subunits. Using skeletal troponin preparative methodology, 
problems similar to those mentioned already were encountered. 

Tsukui and Ebashi (33), fortunately, produced a preparative scheme 
that allowed the isolation of reasonably homogeneous troponin from 
cardiac tissue. This procedure, derived from that of Ebashi et al. (12) 
for the preparation of skeletal troponin, involved a LiCl extraction of 
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precipitation of tropomyosin, and an ammonium sulfate fractionation to 
obtain troponin. Tsukui and Ebashi were also able to separate cardiac 
troponin into three fractions which approached homogeneity by ion 
exchange chromatography in urea and ammonium sulfate precipitation in 
the presence of SDS. Using a desensitized skeletal actomyosin super- 
precipitation assay system, they confirmed that troponins I, C and T 
from cardiac muscle could substitute qualitatively, although not 
quantitatively, for their skeletal counterparts. This suggested, again, 
that cardiac and skeletal muscle were regulated in a similar manner, 

but that distinct differences might exist at the level of the individual 
molecules involved. 

Upon successfully adapting the LiCl extraction methodology to our 
own needs, our goal became to devise a separation scheme to isolate 
each of the cardiac troponin components in a pure form and to character- 
ize each subunit with the physico-chemical tools availabie to us. 
Subsequently, this aim was extended to study the nature of the inter- 
actions which occurred among the proteins of the cardiac muscle regula- 
tory complex and either to confirm that cardiac muscle was sensitized 
to calcium ions in essentially the same fashion as skeletal muscle or 
to propose an alternative model. 

Since 1974, several reports and abstracts detailing the progress 
of this project have appeared (34 - 42). These comprise a major part 
of the published work specifically related to cardiac troponin. As the 
data presented in these articles provide the raw material for this 
thesis, discussion of this material will be postponed until subsequent 
chapters. 


However, other laboratories have also contributed to the understanding 
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of cardiac troponin since 1973. It is appropriate to discuss some of 
these results at this point. 
Da N= C 

Head and Perry (43), using an isotope dilution technique, demon- 
strated that the ratio of actin to TN-C in rabbit white (psoas) and red 
(soleus) skeletal, and cardiac muscles was about 7:1, confirming the 
existence of similar stoichiometries of the proteins in different muscle 
types. 

Several laboratories reported that TN-C from different ttete 
sources possessed similar mobilities on SDS gels (29, 32, 33) and on 
polyacrylamide gels in the presence of urea (43). However, Hirabayashi 
and Perry (44) established that antiserum to TN-C from chicken skeletal 
muscle did not react with TN-C from chicken heart muscle. They also 
reported that the amino acid composition of chicken skeletal TN-C was 
more similar to TN-C from the skeletal muscles of other species than to 
chicken cardiac TN-C. Cardiac and skeletal TN-C also differ in their 
capacity to bind Gaz? ions (45, 46), cardiac TN-C binding fewer eer 
than the skeletal homologue. 

The predictions that the two types of TN-C were different were 
substantiated when the amino acid sequence of bovine cardiac troponin C 
was determined (47). In comparison to the rabbit skeletal TN-C sequence 
(18, 48) (Figure 5), bovine cardiac troponin C contained 55 replace- 
ments and 2 additional residues. Further analysis revealed only 3 
regions in the cardiac TN-C sequence which bore significant homology 
with the calcium-binding regions of parvalbumin (49). These 3 stretches 
of homology corresponded to 3 of the 4 proposed eal binding sites in 


skeletal TN-C (18), predicted on the same basis. This may explain the 
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Figure 5. Amino acid sequences of bovine cardiac (upper line) (47) 


and rabbit skeletal TN-C (lower line) (48). Square brackets enclose the 


proposed calcium binding sites of each molecule. 
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lowered oe binding capacity of cardiac, relative to skeletal, TN-C. 
2. IN-E 

Polyacrylamide gel electrophoresis of muscle extracts in the 
presence of 6 M urea and 2 mM EGTA ("minus cath" state) demonstrated 
that TN-C from rabbit psoas, soleus and cardiac muscles possessed 
similar mobilities (43). But in the presence of ee the bands be- 
lieved to represent TN-IC complexes in soleus (red) and cardiac muscle 
electrophoresed more slowly than that of psoas (white) muscle, suggest- 
ing that TN-I in soleus and cardiac muscles differed from that of psoas 
muscle. 

In a later report (50), TN-I was purified from rabbit psoas, sol- 
eus and cardiac muscles by an affinity chromatographic technique using 
Sepharose-4B - linked TN-C. On SDS gels, the two types of skeletal 
muscle TN-I migrated with apparent molecular weights of 23,000 while 
cardiac TN-I migrated at 29,000. On polyacrylamide gels in 6 M urea, 
cardiac TN-I electrophoreses at a rate 15% slower than either type of 
Skeletal TN-I. Electrophoresis of mixtures of each TN-I and skeletal 
TN-C on urea-polyacrylamide gels showed each TN-IC complex possessed a 
different mobility, indicating that TN-I from each muscle source was 
unique. 

This prediction has been substantiated, at least for rabbit 
psoas and cardiac TN-I, by sequence studies (51, 52) (Figure 6). 
Although considerable homology exists between the two sequences, cardiac 
TN-I has an additional 26 residues at its N terminus. In this extra 
string of residues, the serine at position 20 is readily phosphorylated 
in a reaction catalysed by cyclic AMP - dependent protein kinase (52, 


53). This phosphorylation of serine-20 accounts, in a large part, for 
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the differences between the phosphorylation properties of cardiac and 
skeletal TN-I (54). These differences are apparently physiologically 
relevant. England (55) demonstrated that stimulation of perfused rat 
hearts with or? M adrenaline resulted in a simultaneous increase in 
both the degree of phosphorylation of TN-I and the force of contraction. 
Similar results for rabbit hearts were confirmed by Solaro et al. (53) 

The mechanism by which phosphorylation of cardiac TN-I may pro- 
mote the interaction between actin and myosin is not yet understood. 
Ray and England (56), studying whole myofibrils and native tropomyosin 
(troponin plus tropomyosin) from beef hearts, observed that phosphory- 
lation of IN-I did not alter the Meee of the actomyosin ATPase and, in 
fact, increased the amount of calcium required to activate the ATPase 
activity. They were led to the conclusion that the effects of catachol- 
amines in perfused hearts must be two-fold in order to stimulate con- 
traction: a phosphorylation of TN-I and an increase in the sarcoplasmic 
eee concentration during systole. Investigations are in progress to 
shed further light onto this complex situation. 

or Cine 

Little has been reported on cardiac TN-T. Brekke and Greaser 
(46) reported that cardiac TN-T caused changes in tropomyosin para- 
crystal patterns similar to those described for skeletal TN-T (57). 
However, they also observed differences in the amino acid composition 


of cardiac and skeletal TN-T. 


Da salt OF THIS PROJECT 
Subsequent chapters of this thesis will reveal that work on this 


project proceeded with 3 major goals in mind. First, it was necessary 
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to develop a reliable preparative methodology to isolate troponin from 
cardiac tissue and to separate each of its constituent subunits. Second, 
each component had to be characterized with respect to its chemical, 
physical and biological properties. Third, it was important to under- 
stand how the isolated members of the troponin complex could interact 
with each other. 

Attainment of these goals, we hoped, would enable us to conclude 
whether the cardiac muscle regulatory muscle mechanism differed signif- 
icantly from that in skeletal muscle and to detail the extent of any 


differences. 
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CHAPTER II 


EXPERIMENTAL METHODS 


A. pH MEASUREMENT 

Routine pH measurements were performed using a Radiometer pH meter 
equipped with a variable temperature compensator and combination glass 
electrode. Standard pH buffers (Fisher Scientific Co.) were used to 


calibrate the instrument. 


B. GEL ELECTROPHORETIC METHODS 
1. Polyacrylamide Gel Electrophoresis 
Electrophoresis through 8% polyacrylamide gels was performed 
essentially as described by Schaub and Perry (58). The tank buffer, 
25 mM tris - 160 mM glycine at pH 8.5, was prepared so as to contain 


2 mM EGTA or 0.5 mM CaCl depending on the desired run conditions. In 


9? 
certain experiments, 6 M urea was incorporated into the gels. 
2. SDS Polyacrylamide Gel Electrophoresis 

Methodology similar to that of Shapiro et al. (59) was used. 
Samples were prepared in 2% SDS containing 1 mM DTT by heating them in 
a boiling water bath for 5 - 10 min. Electrophoresis was performed on 
10% polyacrylamide gels for 3 1/2 h at 7 mA/gel. Gels were stained 
with Coomassie Brilliant Blue and destained in several changes of 7% 
acetic acid, 7.5 % methanol (v/v). Destained gels were scanned in a 
Gilford 240 spectrophotometer equipped with a gel scanning module. 
Relative quantities of each component present were estimated by tracing 


each peak, cutting out the traced area and weighing. 


Molecular weight estimations were made according to Weber and 
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Osborn (60), by comparing the migration distances of the "unknown" 


proteins with those of proteins of known molecular weight. 


C. AMINO ACID ANALYSIS 

Amino acid analyses were performed essentially as described by Moore 
and Stein (61). The amino acid compositions of protein hydrolysates 
were determined using a Beckman 121 or Durrum D-500 automated amino acid 
analyser. 

Duplicate samples were hydrolysed in constant boiling 6 N HCl for 
24, 48 and 72 h. The values reported are averaged over the three 
hydrolysis times. Threonine and serine contents were estimated by 
extrapolating to zero time. 72 h hydrolysate values were used to 
determine valine and isoleucine contents. Phenol (1%) was added to the 
6 N HCi used for hydrolysis to preserve the integrity of tyrosine 
residues. Total cysteine plus cystine content was determined as 
cysteic acid after performic acid oxidation of the protein sample 
according to Moore (62). Using this method, methionine levels were 
checked as methionine sulfone. Tryptophan content was established 
spectrophotometrically with the protein dissolved in 0.1 N NaOH as 
outlined by Goodwin and Morton (63) and Bencze and Schmid (64). The 
absence of tryptophan in cardiac TN-C was confirmed fluorimetrically by 
the absence of a tryptophan emission band near 340 nm upon excitation 


of the protein solution near 276 nm. 


D.°* OPTICAL METHODS 


1. Absorption Spectrophotometry 


Routine absorbance measurements, such as monitoring effluent 
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from a chromatographic column, were performed using a Gilford 240 
spectrophotometer. UV absorbance and difference spectra were recorded 
employing a Cary 118C recording spectrophotometer. 

Baselines for absorbance spectra were established using dialysate. 
Those for difference spectra were determined with protein solutions of 
identical compositions in both the sample and reference beampaths. 
Difference spectra were obtained by adding an aliquot of a solution 
containing the desired perturbant to the protein solution in the sample 
cell and an equal volume of the same solution, minus the perturbant, to 
the protein solution in the reference beam, and, subsequently, scanning 
the wavelength region of interest. 

2. Circular Dichroism Spectra 

Circular Dichroism (CD) measurements were performed using a Cary 
6001 CD attachment to a Cary 60 recording spectropolarimeter, as de- 
scribed by Oikawa et al. (65). The instrument was calibrated with an 
aqueous solution of recrystallized d-10-camphor sulfonic acid. Constant 
nitrogen flushing was employed. 

In the wavelength region from 200 - 250 nm, approximately 0.12% 
protein solutions were scanned in 0.5 mm cells. In the 250 - 320 nm 
region, approximately 0.3% protein solutions were scanned in 1 cm cells. 

The mean residue ellipticity, [6], at a particular wavelength, 
A, was calculated from the equation: 


8 ope URW 
[1] 
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where: 
MRW is the mean residue weight (taken as 115 in these studies), 


Raves is the observed ellipticity value at the wavelength of interest, 
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1 is cell pathlength in dm, and 
c is the protein concentration in a are 
The units of [8], are fepeceacna mole. 
The apparent a helix contents of proteins were estimated using 


parameters and equations given by Chen et al. (66). 


E. ULTRACENTRIFUGAL METHODS 

Ultracentrifugal studies were performed at 20°C in a Beckman Spinco 
Model E analytical ultracentrifuge equipped with a photoelectric scanner, 
multiplex accessory, and high intensity light source. Rayleigh inter- 
ference and Schlieren optical systems were also used. The basic method- 
ology employed in these studies was derived from an ultracentrifuge 
methods manual compiled by Chervenka (67). 

1. Protein Extinction Coefficients 

The concentrations of a set of protein solutions were determined 

by the method of Babul and Stellwagen (68), using ultracentrifugal 
synthetic boundary runs with Rayleigh interference optics. Babul and 
Stellwagen determined, for proteins, an average refractive increment of 
4.1 fringes/mg/ml. Therefore, a measurement of the number of fringes 
crossed on each photographic plate, using a Nikon model 6C microcomparater, 
provided a direct estimate of protein concentration. By correlating the 
protein concentration of each sample with its absorbance value at 278 mn, 
the extinction coefficient for a 1% solution of the protein in a 1 cm 


i 


cm 278) was determined. 


pathlength cell at 278 nm (EY 
2. Sedimentation Velocity Experiments 
Sedimentation studies were performed in 12 mm 4° synthetic 


boundary celis at 60,000 rpm. Schlieren optics were used and photographs 
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taken at specific time intervals. A Nikon model 6C microcomparater was 
employed to measure the distance from the maximum ordinate of the sedi- 
menting peak to the reference hole. 

The sedimentation coefficient, s (in sec), is related to the 
distance from the centre of rotation to the maximum ordinate, r (in cm), 


at time, t (in sec), and the angular velocity w (in rad/sec), by: 


6 elie s i ea eg 
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Values for s were obtained by taking the natural logarithm of 
the measured r values, plotting them against t, and multiplying the 
resultant slope by thy ht To express the sedimentation coefficient in 


terms of water at 20°C, ‘s ,» the following equation was used (69): 


20,w 
n lev 
a q 20,w 
s cl AC) Reeves OU Gore hl Cooremeer = cee [3] 
20,w Nog Ww Ng ay at VP n 


where: 
4 
(—) is the ratio of the viscosity of water at the experimental 
20. 
temperature, T, to that at 20°C, 
n ‘ 
Wr is the viscosity of the solvent relative to that of water at 
0 
the temperature, T, 
re) is the density of water at 20°C, 
20,w 


po. is the density of the solvent at the temperature, T, 


A 
v is the partial specific volume of the solute. 

In this study, V for a protein was estimated from its amino acid compo- 

sition (70). Density and viscosity values were taken from tables in 

the Handbook of Chemistry and Physics. 

Intrinsic sedimentation coefficients, 550.w? were determined by 


plotting s against the initial protein concentration of the sample 


20,w 


, tom oe ieuenninn’ wlicinlasas 3 i 
ot Loedbae oF, ao a 


19 meistsegol feshtna| ae: gilee we 
ait ghixicieds tale bintta a atetuge ae 

ys snstol tees nots cdtrimtiae ona 
: (88) fei ear wos tebe ayehvedtaa es 


ie 2h Fa 
} EL} = <a ' *y i i t 
a =<, f yt, 


Ceinamiweyns s6lr as was ae t2 Yagil ai sy 
| Ops st it a 
th 3998N Io tant UT evhgetox rebutise tz : 


7) g¢08 89 
\t sihldons sus 3 : i 4 . 
t ie 9 pang aay © , 
-atuloe ain i s ied 
52 & . 7 ine ~~ mee 
~iqsteo bios ae a Bort annites es a> . 
eA af el ee 
al a9 Long moat nates taal eoulew ¥ nei pea 
aa wi ai eee a — gic: _ 
yd Lenberrbead otibit ee | 
oe 


= = 


> 


and extrapolating the results to zero concentration. 
3. Sedimentation Equilibrium Experiments 

Conventional sedimentation equilibrium runs (71) were performed 
in 12 mm double sector cells with charcoal-filled Epon centrepieces and 
sapphire windows. Data were recorded either on photographic plates 
using Rayleigh interference optics or on the chart paper of a photo- 
electric scanner accessory, using UV absorption optics. Rums were as- 
sumed to be at equilibrium when no further changes in fringe position 


or pen tracing occurred. 


The apparent weight average molecular weight, Mo of a homogeneous 


protein, determined by such an experiment, is given by: 


2RT dsinye 
M = _———— es ee 4 


where: 
R is the universal gas constant, 
T is the experimental temperature in °K, 
v is the partial specific volume of the protein, 
o is the solvent density, 
w is the angular velocity, and 
c is the protein concentration at a distance, r, from the axis of 
rotation. 
Where Rayleigh interference optics were employed, protein con- 


centrations at the meniscus, me were calculated according to: 
m 
c= ov [5] 


where: 


Cy is the initial protein concentration, 
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= is the distance from the meniscus to the axis of rotation, 

Th is the distance from the cell bottom to the axis of rotation, 

Cp is the protein concentration at the cell bottom, and 

c is the protein concentration at any distance, r, from the axis of 

rotation. 

A direct measure of protein concentration in terms of fringes, Y, at any 
value of r, was determined by adding the fringe displacement at the 
point r to the concentration at the meniscus (expressed in fringes). 

If the photoelectric scanner was employed, the absorption value, 
A, at any point along the cell provided a direct measure of protein con- 
centration. 

A plot of the natural logarithm of the protein concentration 
(expressed in fringes, Y, or absorbance units, A) versus = yielded a 
straight line, the slope of which, d In ear was used to determine the 
weight average molecular weight (using equation [4]) at any position 
along the cell. 

To facilitate these calculations, computer programs, written by 


Dr. W.T. Wolodko (72) in the programming language APL, were employed. 


F. BIOLOGICAL ACTIVITY STUDIES 

A synthetic cardiac actomyosin system was used to investigate the 
biological role of each of the cardiac troponin components. 

Myosin was isolated according to Tonomura et al. (73). Nucleotide 
contaminants were removed from the myosin by batch treatment with DEAE- 
Cellulose. Actin was purified according to Spudich and Watt (74). 
Tropomyosin was purified by hydroxyapatite column chromatography, as 


described by Eisenberg and Kielley (75), of the tropomyosin-rich 
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ammonium sulfate fraction obtained during the preparation of cardiac 
troponin (see Chapter III). Alternatively, tropomyosin was prepared by 
repeated isoelectric precipitation of the same starting material at pH 
4.6. 

The assay system consisted of 750 ug of synthetic cardiac acto- 
myosin (SAM), prepared by mixing myosin and actin in a 4:1 ratio by 
weight (76), and 50 pg of tropomyosin in 10 mM tris-HCl, pH 7.6, 2.5 mM 
MgCl, 1 mM EGTA and 2.5 mM ATP at 20°C. The total volume of the 
reaction mixture was 3.0 ml. 

The reaction was initiated by the addition of the SAM to the remain- 
ing constituents and followed by monitoring the liberation of inorganic 
phosphate ions released on hydrolysis of ATP using the method of Fiske 


and SubbaRow (77). 


G. COSEDIMENTATION ANALYSIS 

To test whether any of the components of cardiac troponin could 
interact with tropomyosin, a method similar in principle to that used 
by Drabikowski and his colleagues (78, 79) was employed. Cardiac tropo- 
myosin was dissolved in 8 M urea, 50 mM tris-HCl, pH 7.5, to a concen- 
tration of 2 - 3 mg/ml. The solution was partitioned into four 1.0 ml 
aliquots. In separate studies, one member of the troponin complex was 
added to three of these aliquots, such that mole ratios of tropomyosin 
to the troponin component of 0.5:1, 1:1 and 2:1 were obtained. The four 
samples plus one containing the troponin subunit under investigation 
were then dialysed 24 - 48 h at 4°C against 0.5 M KCl, 50 mM tris-HCl, 
pH 7.5. Each solution was then centrifuged for 20 min at 35,000 g in a 


Beckman Model L preparative ultracentrifuge and each tube was analysed 
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for sediment. Where a precipitate was visible, it was washed with 10% 
TCA to remove traces of KCl which would interfere with subsequent SDS 
gel analysis of the sediment. 

Under the solvent conditions employed, tropomyosin was fully soluble. 
Therefore, where a sediment occurred, and SDS gel analysis showed both 
tropomyosin and the troponin component to be present, the results provided 
evidence for an interaction occurring between the two regulatory sub- 


units. 


H. CALCIUM BINDING STUDIES 
1. Free Gace Ion Concentration 

At concentrations near or below fos? My it is difficult to pre- 
pare, accurately, metal ion solutions unless a metal ion buffer is em- 
ployed. in studies of ea binding to TN-C, the protein was dissolved 
in a buffer solution of known pH and ionic strength which contained a 
known level of the calcium chelator, EGTA. Using principles outlined by 
Perrin and Dempsey (80), any desired level of free ee ions in solution 
could be attained by the addition of an appropriate amount of CaCl... 

Metal complexes are formed in a solution containing a metal ion, 
M, and a chelating agent, L: 

M + nL = ML 

with an appropriate equilibrium or stability constant, Ky: 


[ML] 


“7 [MTL [6] 


The chelating agent, L, generally can undergo protonation to form 


species which possess differing complexing abilities, with respect to M: 
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Therefore, protons will compete with the metal ions for L. The apparent 

stability constant, Ly » of a metal complex at any specified pH depends 

not only on the stability constant, Ry of the complex, but on the step- 
L 


wise dissociation constants (K ja. ) tor the chélating agent. 


al’ Se 
Also, the metal ion may undergo a hydrolysis reaction: 
M + H,0 == MOH, M(OH)., etc. 
The appropriate equilibrium constants for these reactions must be known 
to describe properly the equilibrium situation. 

The apparent stability constant, Re is defined in terms of the 
equilibrium between a metal complex and its components, except that free 
chelator concentration is replaced by the total concentration of all 
species of the chelating agent not actually complexed to the metal ion, 


and free metal ion concentration includes hydrolysed metal ions and 


metal ions bound to other complexing species: 


a 


OCC ee 7) 
where: 

a, = ({M] + [MOH] + [M(OH),] +... )/[M] [3] 

Ged + [RUD a Teste 2 ae nt [9] 


To evaluate ay for a chelating agent such as EGTA (represented 


as H,L in its fully protonated state), consideration must be given to 


4 


the following stepwise equilibria: 


‘ [W"] [4,1] 

H)L == HL + H Rol = aie [10] 
r [H"] [HL] 

H,.L == HL + 4H K ne [11] 


3 2 a2 [HU] 


26 


incitcnes, that bbe &. ee . 
; on “aS. a 


neon! 56" Sais asetsaips seals ro} & | 
i on y 
; pa Mf 


ot: lh povsd ob bemektsb 3f ad smh Te iP 


leplnante nis bi 

est? Jad} 2ge9%5 ey ‘sat Gos xeldi 
| Dis Zo nobisysmeaahs, fexd7 eo? e bso &igss 
bu 


tof latsor edd of SexsZei pos i tba sua 


bre snes  letea baaylonby eebulont cease 


rs} Ti) \ Cn yo (atin ae cs sea, oe “ 
“[®] | | Oa. bl ale apo ia 


hsaragsices) ATOM 2&6 rave snags srseries saipinomell 


0) tivity sd sted nébteveblenns cores Bemba ES op shite 
7 ol x el . '% 
4 - a + : a d \ 


4 


Digh BY "ai ry 
oe i tr. 


f tg 


ob ot Ho} (at. 
ea neem So pile [HL] [12] 
a. 
ae Hee RN e 
Hens 4° R47 THD) [13] 


(For convenience, the charges on the different chelator species have 
been neglected.) A rearrangement and combination of equations [10] - 


[13] gives: 


+_4 
F (H'] [1] 
[HL] K K K K [14] 
alwa2 “a3. vas 
+,3 
H AOTL 
3 a pan AA 
(H)? [1] 
[EL] eee [16] 
ao. cas 
qt uf 
fan) = 4B Le [17] 
a4 
Therefore, aa becomes: 
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An evaluation of Oy for an EGTA containing solution buffered to a 


specific pH can be made using the following stepwise equilibrium con- 


Stants for EGlA V8): oke. = 2.0, PK, = 2,65, pK . = 8.95, and 


al Z a3 


pK , = 9.46. 


a4 


; : : at iy Pas 
For the metal ions used in our experiments, Ca _ , Sr and Mg’ , 


the pK, values for hydrolysis are, respectively (80): 12.6, 13.2 and 


BS 


11.4. Therefore, under the experimental conditions employed (7.5<pH<8.0), 
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On reduces to unity. This allows RY to be approximated by: 


[19] 


From Schwarzenbach et al. (81), PK aa = 10.97, PK, = 8.50 and 
Ping = 5.21. Under given experimental conditions, placing these values 
into equations [18] and [19] allows the calculation of apparent stability 
constants for the metal ion of interest. 

Once the RX values are known, the free metal ion concentration, 
{[M], can be obtained by substituting the expression for Ky (equation [6]) 


into equation [19]: 


[ML] 


Xi (MJ [L]%o., Weed 


Note that, in the experimental pH range, only a 1:1 complex between EGTA 
and metal ion will occur, resulting in n = 1. Also [ML] may be repre- 
sented as the total metal concentration, [M]_,5 minus that portion which 
is free: 


Po] = (1, - ( [21] 


From the definition of a (equation [9]), [L]a, represents the total 
concentration of chelator in all its protonation states, [Ll], minus 


that portion which is in the form of the metal complex: 


[L]a, = [1], - [M0] [22] 
= [1], - (Ml, + (l [23] 
Therefore: 
IM], - [dq 
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Equation [24] is a quadratic equation, more clearly seen on rearrange- 


ment: 
RIM)? + (RIL), - KIMI, + DO - MM, = 0 [25] 


The two solutions to this quadratic are given by: 


[M] = ah eras [26] 


where: 


a= Kt | [27] 


SAH ema ones aes [28] 


-[Ml,, [29] 
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The positive real number solution to [M] is the only physically possible 
one. 


Often, to describe calcium concentration in a buffer in this 


+, "! 


thesis, the phrases "minus see and "plus Caan will be used to denote 


solutions containing 1 mM EGTA and no added CaCl and solutions con- 


>? 
taining a free cae’ concentration of 2 x er M, respectively. Exceptions 
will be noted. 
Zen - CD oa Titrations 
TN-C was dissolved in 0.15 M KCl, 50 mM tris-HCl, pH 7.5, 1 mM 
EGTA and dvaiyoed 24 h at 4°C against the same solvent prior to recording 
its CD spectrum in the peptide absorption range. After the addition of 


an aliquot of CaCl the spectrum was recorded again. This process was 


2 
repeated until no further change in the spectrum could be detected. 


Similar sets of spectra were collected with TN-C equilibrated against 


the same solvent, but containing 2 mM MgCl,. 
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From these data, the number of cau ions bound per TN-C molecule, 
i, and an apparent binding constant, ee could be estimated as de- 
scribed by Willick and Kay (82) for the evaluation of the same para- 
meters for Meo” binding to tRNA. Such calculations assume that the 
structural transition observed by CD involves only 2 states. Either 
TN-C has ae bound and has undergone the complete conformational change 
or no Ce is bound and the conformational change has not occurred. 


This may be represented as: 


ECC RP CaS cee? OC Re Ca. 
with: 
[TN-C - cat] 
Ae ee [30] 
~ 
app trn-c) [ca**]* 


; ‘ ar 
The fraction of TN-C molecules in the Ca’™ -bound state, f, can 
then be determined as the ratio of the change in ellipticity value at a 
; a+ ‘ ; : 
particular free Ca concentration at a particular wavelength, 66, to the 
maximum change which can be elicited in the ellipticity value at that 


wavelength, A6:; 


2+ 
56 [TN-C - Ca i 
aE = — = EE OE 34 


+ 
[TIN-C] + [TN-c - Gai] 


Substitution from equation [30] gives: 


K 
f= —abP [32] 


PP 


Rearrangement of equation [32] and taking logarithms gives: 


+ 
log (= - 1) = log z gee eeicas ] (33) 


app 
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By plotting the titration data in the form of log (1/f - 1) versus pCa, 
a straight line is obtained with log eS given by the intersection 
point of the line with the ordinate axis, and i given by the slope of 
the line. 

In these titration studies, 68 and AQ were determined at 221 nn, 
the position of one of the minima in the TN-C CD spectrum. 

3. Gel Filtration 

Hummel and Dreyer (83) first used gel filtration as a rapid and 
accurate method to study protein binding phenomena. Using this technique, 
with the modifications of Voordouw and Roche (84), the number of ed) 
ions bound per molecule of TN-C, and an apparent association constant, 
were determined. 

In principle, the gel filtration column is equilibrated against 
a buffer containing a certain level of the ligand of interest (ca in 
this study). The protein is equilibrated against the same buffer, but 
containing a higher ligand concentration, and applied to the column. On 
elution with the same solution used to equilibrate the column, the pro- 
tein moves down the column in the exterior mobile phase. Excess ligand 
is removed from the protein band until the binding equilibrium is satis- 
fied by the concentration of unbound ligand ahead of the band. Finally, 
the protein and its complexed ligand elute from the column at the void 
volume, followed later by a peak containing excess ligand. The ratio 
of ligand to protein concentrations in the void volume peak reflects 
the number of ligand molecules bound per molecule of the protein. By 
manipulation of the ligand concentration in the solution against which 
the column is initially equilibrated, the effect of ligand concentration 


on ligand binding may be investigated, and an apparent binding constant 
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determined. 

To determine the maximal number of paca ions which would bind 
to each cardiac TN-C molecule, a 1.0 x 30 cm column of Sephadex G-25 Fine 
was equilibrated against 0.15 M KCl, 50 mM tris-HCl, pH 7.5 and 1 x 
nm: M CaCl,. Three to four mg of lyophilized TN-C were dissolved in 
0.6 ml of the same buffer, but containing 5 x 107 M CaCl,, and dialysed 
overnight at 4°C. The TN-C solution then was allowed to equilibrate to 
22°C and was applied to the column. A constant elution rate of 20 ml/h 
was maintained by an LKB peristaltic pump and 2.5 min fractions were 
collected. Each fraction was analysed for protein content by measuring 
its absorbance at 278 nm, and for calcium content using a Unicam SP90A 
Series 2 atomic absorption spectrophotometer, with instrumental settings 
adjusted as described in Unicam Atomic Absorption Method Ca-2 (85). 

To determine the dependence of Can binding on Can concentra- 
tion, the column equilibration buffer was altered to contain 5 x 10> M 


EGTA and a specific concentration of CaCl, which would produce submaximal 


ie 
tae binding to TN-C. In these experiments, the TN-C was applied to the 
column after it had been dialysed against 0.15 M KCl, 50 mM tris-HCl, 
Das. 5. Wye M EGTA and 1 x 10°" M CaCl,. Again, integration of the 
amount of Can eluting in the void volume peak and division of this sum 
by the total amount of protein in the peak provided the number of ca 
ions bound to each TN-C molecule under the experimental conditions. 

For each experiment, a new standard curve for the determination 
of calcium was prepared. The column equilibration buffer was used in 
each case as the zero readout or baseline value to which additions of 
CaCl, yielded standard solutions covering the range of calcium concen- 


= -5 
tration from zero to 1 x 10 4 M, in increments of 1 x 10 M, above the 
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baseline level. 
As in the case of the CD titration studies, an analogous set of 
Gass binding experiments was performed in the presence of 2 mM MgCl, 
ates Da 5 
to observe how Mg ion affected the Ca binding parameters of cardiac 
TN-C. 


=i from laboratory 


To avoid contamination of solutions with Ca 
glassware, Nalgene beakers, test tubes, volumetric flasks, solution 


bottles and pipets were employed throughout the study. 
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CHAPTER III 


TROPONIN PREPARATIVE METHODOLOGY 


The development of the methodology to obtain homogeneous protein 
preparations on which to perform biochemical investigations was, as is 
usual in such an endeavour, a major part of the whole project. This 
chapter is devoted to the presentation of a detailed account of the 
preparative schemes used to isolate the components of bovine cardiac 
troponin. It is intended to serve as a bridge between the chapter 
presenting the experimental procedures employed in this study and those 
chapters reporting the results of the experiments. 

The preparative methods related in this chapter represent the final 
refinements of procedures already presented in publications stemming 


from this investigation (35, 37, 38). 


A. CARDIAC TROPONIN 

During the initial stages of this project, troponin was prepared 
from fresh or fresh-frozen beef hearts essentially as described by Murray 
and Kay (14) for the isolation of rabbit skeletal muscle troponin. Later 
it became evident that such preparations were suitable only for the 
further purification of cardiac TN-C. This became evident on the basis 
of the following two phenomena. First, SDS gels demonstrated a large 
number of contaminating proteins in these troponin preparations and, 
second, the procedure was a protracted one, requiring 4 days to progress 
from muscle tissue to dialysing troponin. During this time, endogenous 
proteases destroyed most of the TN-T and much of the TN-I originally 


present. These problems were overcome by switching to methodology 
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devised by Tsukui and Ebashi (33). This method was rapid (1 day) and 
selective, carrying few contaminants over with the troponin. 

As the first reports of work on cardiac TN-C from this laboratory 
(34, 35) employed the Murray and Kay, or muscle powder, method, a de- 
scription of this scheme is included in this chapter. Also described 
is the Tsukui and Ebashi, or LiCl extraction procedure, to which minor 
modifications were made. 

1. Muscle Powder Method 

The entire procedure was conducted at 4°C. One kg of cardiac 
tissue was minced in a Waring blender for 30 sec in 3 volumes of 0.3 M 
KCl, 0.15 M potassium phosphate buffer at pH 6.5, and 0.2 mM ATP. After 
extracting for 15 minutes, the mince was centrifuged at 2000 g for 10 
minutes. The supernatant, containing dissolved myosin, was discarded. 
The sediment was suspended in 3 volumes of distilled water, mixed for 
20 min and centrifuged again. The sediment was subjected to a similar 
wash in 0.01 M NaHCco., followed by another in distilled water. These 
washings removed soluble protein contaminants, such as haemoglobin, from 
the mince. The resultant muscle residue was washed twice with 3 volumes 
of 95% ethanol, followed by 2 washes with acetone. About 110 g of dried 
muscle powder was obtained from the original kilogram of muscle tissue. 

The powder from a kilogram of heart was extracted at room tem- 
perature for 18 h in 7 volumes of 1 M KCl, 25 mM tris-HCl, pH 7.6, and 
1 mM DTT. After centrifugation, the supernatant was cooled to 4°C. 
The sediment was re-extracted in the same manner for 3 h more. After 
centrifugation the second supernatant was mixed with the first and the 
pH of the combined supernatants adjusted to 4.6. The supernatant pH 


was readjusted to neutrality after the precipitated tropomyosin was 
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removed by centrifugation at 5000 g for 30 min. The protein solution 
was dialysed at 4°C overnight against 4 volumes of 0.5 mM DTT and then 
subjected to ammonium sulfate fractionation. The precipitate collected 
between 40 and 70% ammonium sulfate saturation was collected by centri- 
fugation at 5000 g for 45 min. The sediment was taken up in 100 - 200 ml 
of S°mM Teis-HCl;" pH - 7.659 0:5- mM DIrv ands dialysed against’ 2? x 7° 2° of 
the solvent solution. Solid KCl was added to the dialysed protein solu- 
tion to a concentration of 1 M and a second isoelectric precipitation at 
pH 4.6 was performed to remove tropomyosin. The resulting supernatant 
(crude troponin) was dialysed against distilled water and lyophilized. 
Approximately 1 g of crude troponin was obtained from 1 kg of muscle by 
this procedure. 
2. LiCl Extraction Procedure 

The full procedure was carried out at 4°C. One kg of cardiac 
muscle was minced and extracted, as in the muscle powder method, in 3 
volumes of 0.3 M KCl, 0.15 M potassium phosphate buffer, pH 6.5, and 
0.2 mM ATP. After centrifugation, the sediment was subjected to numerous 
washes; once with 3 volumes of distilled water, 5 times with 0.1 M KCl 
3? and twice more with 1 mM NaHCO,. The muscle 
residue was adjusted to 0.4 M in LiCl by adding to it 0.25 volume of 


containing 1 mM NaHCO 


2M LiCl. This suspension was centrifuged immediately for 10 min at 

7000 g and the sediment resuspended in 0.4 M LiCl to 2 times the original 
volume of the mince. The pH was lowered to 5.1 and the mince was stirred 
continuously on a magnetic stirring apparatus for 3 h. After centri- 
fugation, the supernatant was collected and its pH adjusted to 7.5. 

Two ammonium sulfate fractions were saved from the protein solution. 


The fraction between 35 and 45% saturation yielded crude troponin and 
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that between 45 and 60% gave a crude tropomyosin. Each was redissolved 
in about 50 ml of 1 mM NaHCO, and dialysed at 4° against the same sol- 

vent. The crude troponin fraction, after dialysis, generally appeared 

opalescent. Therefore, it was clarified by centrifugation prior to 


lyophilization. This procedure generated about 600 mg of crude troponin 


and 800 mg of crude tropomyosin per kilogram of initial heart muscle. 


B. SEPARATION OF THE CARDIAC TROPONIN COMPONENTS 
1. DEAE-Sephadex Column Chromatography 

The next stage in the isolation of the individual cardiac 
troponin subunits involved a preliminary separation on DEAE-Sephadex 
A-25 in the presence of 6 M urea. About 600 mg of crude troponin were 
dissolved in about 30 ml of 6 M urea, 50 mM tris-HCl, pH 7.5, 2 mM EGTA, 
0.5 mM DIT and dialysed against 2 x 500 ml of the same buffer. The pro- 
tein solution was applied to a 2.5 x 30 cm column of DEAE-Sephadex A-25 
which had been equilibrated against the starting solvent. A linear 
one-litre gradient from 0 to 0.5 M KCl was used to elute the protein 
from the column. The elution profile of such a column is shown in 
Figure 7. Four sets of fractions (I, II, III, IV) were collected. 

Crude troponin prepared by the muscle powder or LiCl extraction 
procedures gave similar profiles on DEAE-Sephadex. However, analysis 
by SDS gel electrophoresis revealed that the compositions of peaks I 
and II for one type of troponin differed significantly from those for 
the second type. Starting with muscle powder troponin, the two peaks 
each contained several classes of protein molecules, most of which were 
unidentifiable. However, starting with LiCl extracted troponin, peak I 


material, eluting prior to the application of the KCl gradient, proved 
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Figure 7. Chromatography of crude troponin on DEAE-Sephadex A-25. 
Protein was applied to the column in 6 M urea, 50 mM tris-HCl, pH 7.5, 
2 mM EGTA, 0.5 mM DIT and eluted with a linear one-litre KCl gradient 
from 0 to 0.5 M. The flow rate was 55 ml/h and 10 min fractions were 
collected. 
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to be rich in TN-I. Peak II material, eluting at low KCl concentrations, 
was rich in TN-T. 

For both kinds of troponin, peak III protein contained mainly 
TN-C, with some contamination by TN-T. Region IV of the profile was 
determined to be nucleotide in nature, due to its high ratio of absorb- 
ance at 260 nm relative to that at 280 nm and its very high extinction 
coefficient in this wavelength region. 

ao Luratication ot IN-C 

Peak III fractions were pooled and dialysed extensively against 
water made slightly alkaline (pH 8) by the addition of ammonia. After 
lyophilization, about 100 mg of this material was recovered. It con- 
sisted primarily of IN-C, with some TN-T contamination. TN-T could be 
removed effectively by gel filtration through a 2 x 100 cm bed of Biogel 
A 0.5 m in 8 M urea, 50 mM tris-HCl, pH 7.5, 2 mM EGTA, 0.5 mM DIT 
(Figure 8). This chromatography was performed at room temperature. A 
clean separation of TN-T and TN-C generally was obtained. The TN-C peak 
was collected, dialysed extensively against slightly alkaline water, and 
lyophilized. About 60 mg of IN-C, judged homogeneous by SDS gel electro- 
phoresis (Figure 9), was obtained per kilogram of original heart muscle. 

3. Purciication of In-g 

Peak I from chromatography of LiCl-extracted troponin on DEAE- 
Sephadex, after dialysis against ioe M HCl and lyophilization, proved 
to be rich in TN-I. Two further chromatographic steps were necessary to 
purify the TN-I. 

The entire yield of the peak I region, 250 - 300 mg of lyo- 
philized powder, was dissolved in about 20 ml of 8 M urea, 70 mM Na for- 


mate buffer at pH 4.0, 0.1 M NaCl, 2 mM EGTA, 0.5 mM DTT and dialysed 
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Figure 8. Purification of TN-C on Biogel A 0.5 m. The protein was 
appited to a 2.5.x, 100 cm column.in 3 ml. of 8 M urea, 50.mM.tris—HCl, 
pH 7.5, 2 mM EGTA, 0.5 mM DIT. The flow rate was 20 ml/h and 12 min 
fractions were collected. 
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Figure 9. SDS polyacrylamide gels of TN-C. 


Gel A represents peak III 


material from a DEAE-Sephadex column. Gel B shows purified bovine 


cardiac TN-C from a Biogel A 0.5 m column. 
applied to each gel. 


50 ug of protein were 
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against 2 x 500 ml of the same solvent. The dialysed protein solution 
was applied to a 2.5 x 30 cm column of CM-Sephadex C-25 in the same 
buffer and eluted with a linear one-litre gradient from 0.1 to 0.5 M 
NaCl (Figure 10). SDS gel electrophoresis revealed that the peak eluting 
subsequent to the start of the salt gradient contained mainly TN-I. A 
high molecular ee contaminant (60,000 on SDS gels) was also present. 
This contaminant could be removed by gel filtration through a 2 x 100 cm 
bed of Biogel P-200 equilibrated against 8 M urea, 0.2 M NaCl, 1% acetic 
acid (Figure 11). The TN-I fractions were pooled and dialysed against 
10a M HCl and lyophilized, yielding about 90 mg of powder. SDS gel 
analysis showed the protein to be homogeneous TN-I (Figure 12). 
*. Purification of TN-T 

The isolation of cardiac TN-T in a homogeneous form was compli- 
cated by the extreme lability of the molecule. Dialysis against non- 
denaturing buffers for extended periods led to the appearance of increas- 
ing amounts of low molecular weight polypeptide fragments on SDS gels. 
The principal cause of TN-T break-down was thought to be digestion by 
proteases endogenous to heart tissue and which were carried over in 
troponin preparations (86). In 6 or 8 M urea, TN-T appeared to be 
stable. Therefore, peak II material from DEAE-Sephadex chromatography 
of LiCl extracted troponin was not dialysed against water and lyophilized, 
but rather against 8 M urea, 70 mM sodium formate buffer at pH 4.0, 
0.1 M NaCl, 2 mM EGTA, 0.5 mM DTT. The dialysed IN-T - rich protein 
was applied to a 2.5 x 30 cm column of CM-Sephadex C-25, equilibrated 
against the same buffer. The protein retained by the column matrix was 
eluted with a linear one-litre 0.1 to 0.5 M NaCl gradient (Figure 13). 


The TN-T fractions were pooled, made 5% in formic acid and applied 
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Figure 10. 


Chromatography of TN-I enriched material on CM-Sephadex 
G=2513 


Protein was applied to the column in 8 M urea, 70 mM sodium 
formate buffer, pH 4.0, 0.1 M NaCi, 2 mM EGTA, 0.5 mM DTT and eluted 


with a linear 0.1 - 0.5 M NaCl gradient. The flow rate was 55 ml/h and 
10 min fractions were collected. 


43 


, ao fl 
me (3 hn 
7 oo ’ ad ois ve = bi : 


FLAT 
< bt 


OOF Ser 08 
AasMuN MOITOAAR 


xebedlgs2-M0 mo Lelieodt iedsteoe Ik 26 sia 

_ miboa Ma OT ,womw M 8 ot anvlon ef 02 ears 

besuls bos TT¢ Mr 2.0 ,ATOU Me € con! £0 <8 Bq 43 
bee f\ia 2¢ enw ager wollt aft .sostbery ce ‘E68 - 5.0 
2 me - begs 


: ; : 
- : ¢ 
= —y . - 
vi ; : n - 
¥ —s 
> ry a a a 


ale 
pleted 


Q 40 80 120 
FRACTION NUMBER 


Figure ll. Purification of TN-I on Biogel P-200. The protein was 
applied to a 2.5 x 100 cm column in 3 ml of 8 M urea, 1% acetic acid 
and 0.2 M NaCl. The flow rate was 7 ml/h and 80 ml of eluant were 
collected prior to initiation of collection of 18 min fractions. 
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Figure 12. SDS polyacrylamide gels of cardiac TN-I. Gel A shows peak 


I material from a DEAE-Sephadex column. 


Gel B presents TN-I enriched 


material after CM-Sephadex chromatography. Gel C reveals TN-I from a 


Biogel P-200 column to be homogeneous. 
each gel. 


50ug of protein were applied to 
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Figure 13. Chromatography of TIN-T enriched material on CM-Sephadex 
C-25. Protein was applied in 8 M urea, 70 mM sodium formate buffer, 
pH 8.0, 0.1 M NaCl, 2 mM EGTA, O.5 mM DTT and eluted with a linear 0.1 - 
0.5 M NaCl gradient. The flow rate was 55 ml/h and 10 min fractions 


were collected. 
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directly to a 5 x 100 cm Biogel P-2 desalting column. The protein was 
eluted with 5% formic acid (Figure 14). Within 6 h, the protein came 
off the column and was lyophilized immediately. The final yield of 


homogeneous TN-T (Figure 15) per kilogram of heart was about 60 mg. 


C. SUMMARY 

The results of the purification schemes described in this chapter 
are summarized in Figure 16. Gel A shows crude troponin, prepared by 
the LiCl extraction method. Gels B, C and D show, respectively, TN-T, 


TN-I and TN-C, as isolated from the crude troponin in gel A. 
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Figure 14. Desalting of TN-T solutions on Biogei P-2. The pooled TIN-T 
fractions from a CM-Sephadex column were made 5% in formic acid and 
applied to a 5 x 100 cm column of Biogel P-2. The protein was eluted 
with 5% formic acid at a flow rate of 100 ml/h. 400 ml of eluant were 
collected prior to initiation of collection of 10 min fractions. The 
solid line represents protein elution measured by absorption at 280 nm. 
The dashed line represents salt elution measured with a Radiometer 

type CDM 2 e Conductivity Meter. 
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Figure 15. SDS polyacrylamide gels of cardiac TN-T. Gel A presents 
peak II material from a DEAE-Sephadex column. Gel B shows TN-T purified 


by CM-Sephadex chromatography. 
gel. 


60 ug of protein were applied to each 
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Figure 16. SDS polyacrylamide gels of LiCl extracted cardiac troponin 
(gel A) and purified TN-T (gel B), TN-I (gel C) and TN-C (gel D). 
50 ug of protein were applied to each gel. 
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CHAPTER IV 


CARDIAC TROPONIN SUBUNITS 


This chapter is devoted to the presentation and discussion of the 
results of physico-chemical studies on the isolated constituents of 
bovine cardiac troponin. Most of the material presented in this chapter 
is drawn from 3 publications on the subject (35, 37, 38). Recently, 
other investigators have reported the amino acid sequences of bovine 
cardiac TN-C (47) and rabbit cardiac TN-I (52), and have presented a 
general characterization of the individual bovine cardiac troponin com- 
ponents (46). A comparison of the data presented in these papers with 
our own provided a new basis for interpreting some of our results, for 
performing new experiments to obtain additional information and for a 


reevaluation of some earlier findings. 


A... IN=C 
1. Amino Acid Analysis 

The amino acid composition of bovine cardiac TN-C, prepared in 
our laboratory, is presented in Table I. The values are reported as 
residues per molecule, assuming a molecular weight of 18,500 (47). Also 
presented in Table I are the amino acid contents of rabbit skeletal (48) 
and bovine cardiac (47) TN-C, as determined from amino acid sequence 
studies. 

Cardiac TN-C is rich in acidic residues, lacks histidine and 
tryptophan, and possesses a relatively high phenylalanine to tyrosine 
ratio. Such characteristics manifest themselves in the isolation pro- 


perties of the protein, its electrophoretic mobility and its UV absorption 
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TABLE I 


Amino acid composition of bovine cardiac TN-C 


Residues per molecule of protein 


Rabbit Bovine Bovine 
OR POT re Skeletal Cardiac Cardiac 
TN-C TN-C TN-C 
Pa N REE EE Soe ate ene alo ee are ee ET ES 

Lys 9 13-0 is 
His 1 0.0 0 
Arg 7 349 4 
ASx ee. 27.4 27 
Thr 6 fi. i 
Ser 7 5.0 5 
Glx od 29.9 iy 
Pro i Zod 2 
Gly 18) Le ee 12 
Ala is F23 y 
Val if a2 8 
Met 10 11.6 ume 
Ile 10 2k 9 
Leu 9 Los 13 
Tyr Zz Lod 3 
Phe 10 G.2 4 
Trp 0 0.0 0 
ij2, cys al 2.0 2 


» 3. Sedisentacion Coefficient. 
“Collins (48). 
**assuming a molecular weight of 18,500. 


**%* an Eerd and Takahashi (47). 


spectrum. 

Bovine cardiac and rabbit skeletal TN-C are not identical mole- 
cules. For example, cardiac TN-C contains two cysteine and three tyro- 
sine residues compared with one cysteine and two tyrosines in skeletal 
TN-C. Van Eerd and Takahashi (47) argue, based upon a comparison of the 
two sequences and an estimated gene mutation rate, that differences be- 
tween the two molecules represent tissue- as opposed to species-depend- 
ent variations. This statement is supported by the recent publication 
of the chicken skeletal muscle TN-C amino acid sequence by Wilkinson 
(87). He discovered an 11% difference (17 substitutions) between the 
sequences of chicken and rabbit skeletal TN-C. There exists a 31% vari- 
ance between chicken skeletal and bovine cardiac TN-C, whereas that 
between rabbit skeletal and bovine cardiac TN-C is 35%. Therefore, the 
skeletal TN-C molecules of a bird (chicken) and a mammal (rabbit) are 
more alike than two types of mammalian TN-C (rabbit skeletal and bovine 
cardiac). The class of TN-C molecule of a particular tissue may repre- 
sent the end-product of a unique set of evolutionary stresses, implying 
that subtle, but significant, functional differences may exist among the 
various types of TN-C. 

2. Extinction Coefficient 
Cardiac TN-C was determined to have an extinction coefficient 


; Ls, 
at 278 nm, for a 12 solution, in a 1 cm pathlength cell (Ey om, 278 


ror 
3.4 AFisure: 17). 
3. Sedimentation Coefficient 
Sedimentation velocity experiments in 0.15 M KCl, 50 mM tris-HCl, 
pH 8.0, 1 mM EGTA indicated an intrinsic sedimentation coefficient 


( ) for cardiac TN-C of 1.93 S (Figure 18). Substitution of 1 mM 


5° 
20,w 
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Figure 17. Determination of the extinction coefficient of TN-C. The 
protein was dissolved in 0.15 M KCl, 50 mM tris-HCl, pH 8.0, 1 mM EGTA 
and centrifuged at 12,000 rpm. The absorbance value at 278 nm was 
recorded for each sample, and its concentration determined refracto- 
metrically according to Babul and Stellwagen (68). 
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Figure 18. Determination of the intrinsic sedimentation coefficient 
of TN-C. TN-C samples of various concentrations were prepared in 0.15 
M KC1, 50 mM tris-HCl, pH 8.0, 1 mM EGTA and centrifuged at 60,000 rpm 
to determine corresponding s2Q,w values. 
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CaCl, for EGTA produced a slight, but statistically insignificant, in- 
crease in Sonia This result is in contrast to that reported for skele- 
tal TN-C (25), in which the binding of Weng ions to TN-C produced an 
increase in 550.w" This difference is in accord with a similar finding 
revealed by CD investigations (35), where it was demonstrated that 
cardiac TN-C undergoes a smaller conformational change upon binding ca 
than does skeletal TN-C. 
4. Molecular Weight 

From the amino acid sequence of bovine cardiac TN-C, van Eerd 
and Takahashi (47) calculated its molecular weight to be 18,459. 

On SDS polyacrylamide gels, cardiac TN-C comigrated with rabbit 
skeletal TN-C, suggesting a molecular weight of 18,000 + 500 (Figure 19). 

Sedimentation equilibrium studies in the analytical ultracentri- 
fuge™yielded plots of log c vs. ef which were linear (Figure 20). The 
slopes of such lines were used to calculate a weight average molecular 
weight of 17,700 + 1,000 for cardiac TN-C. In these calculations, a 
partial specific volume, V, for TN-C of 0.73 ml/g, was employed, as 
estimated from its amino acid composition (70). These runs were per- 
formed in 0.15 M KCl, 50 mM tris-HCl, pH 8.0, 1 mM EGTA. Substitution 
of 1 mM CaCl, for the EGTA did not affect the calculated molecular 


2 


weight of cardiac TN-C. 
5. UV Absorption Properties 
The UV absorption spectrum of cardiac TN-C (Figure 21) reflects 
its lack of tryptophan by the absence of a shoulder near 290 nm. Tyro- 
sine absorption bands are responsible for the shoulder near 280 nm and 
the peak near 276 nm. The high phenylalanine to tyrosine ratio is evi- 


dent in the multiplicity of fine structure in the spectrum between 250 
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Figure 19. Determination of the molecular weights of the cardiac tro- 
ponin subunits by SDS polyacrylamide gel electrophoresis. The cardiac 
components, TN-C, IN-I and IN-T, are designated by — X —, while pro- 


teins used to calibrate the gels are designated by — 0 —. 
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Figure 20. Sedimentation equilibrium log Y versus x? plot for IN=-C. 
The protein was dissolved in 0.15 M KC1, 50 mM tris-HCl, pH 8.0, 1 mM 
EGTA and centrifuged at 16,000 rpm in a centrifuge equipped with 
Rayleigh interference optics. Y represents protein concentration in 
terms of fringe displacement units. 
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Figure 21. UV absorption spectrum of TN-C. The protein was dissolved 


in 0.15 M KCl, 50 mM tris-HCl, pH 7.5, 1 mM EGTA. 
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and 270 nm. 

The UV difference absorption spectrum of TN-C in the presence 
and absence of Cat ions (Figure 22) reveals that the eee of es 
to TIN-C alters the conformation of the molecule. A difference spectrum 
of similar shape was reported by Head and Perry (43) for skeletal TN-C. 
The maxima near 287 and 277 nm are due to perturbations in the environ- 
ment of tyrosine. These positive peaks imply that the environments of 
one or more tyrosine residues have become more nonpolar (88), consistent 
with a compacting of the TIN-C structure upon binding Gaal Such that tyro- 
sine becomes more buried in the core of the protein. The maxima near 
269, 265, 259 and 253 nm are attributable to phenylalanine contributions 
(88). These peaks are more difficult to interpret as they reflect the 
averaged environmental effects for each of the 9 phenylalanine residues 


in the molecule. 


6. CD Properties 


a. Aromatic Absorption Region (250 - 310 nm) 

The aromatic CD spectrum of cardiac TN-C (Figure 23, solid line) 
exhibits bands consistent with the presence of tyrosine (the trough and 
shoulder at 276 and 280 nm, respectively) and phenylalanine (maxima at 
258 and 264 nm, and minima at 261 and 267 nm). Upon addition of CaCl, 
to the TN-C solution, a general sharpening of the aromatic CD bands was 
observed (Figure 23, dashed line). A similar effect was reported for 
skeletal TN-C (25). These changes further illustrate perturbations in 
the environments of tyrosine and phenylalanine residues in TN-C upon 


2+ 
binding Ca. . 


b. Peptide Absorption Region (190 - 250 nm) 
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Figure 22. UV difference absorption spectrum of TN-C in the presence 
and absence of calcium. The protein was dissolved in 0.15 M KCl, 50 mM 
tris-HCl, pH 7.5, 1 mM EGTA. To the solution in the sample beam, an 
aliquot of 0.1 M CaClz was added such that the free concentration of 
Ca2+ was 2 x 10-4 M. To the solution in the reference beam, an equal 
volume of distilled water was added. 
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Figure 23. Aromatic CD spectra of TN-C in the presence and absence of 
calcium. TN-C was dissolved in 0.15 M KCl, 50 mM tris-HCl, pH 7.5, 
1 mM EGTA. , "minus Ca2t"; ——-—, "plus ca2t", 
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in resting muscle, 0.15 M KCl, 50 mM tris-HCl,. pH 7.5, 1 mM EGTA, cardiac 
TN-C exhibited a CD spectrum in the peptide absorbance region diagnostic 
of an a-helix containing protein (Figure 24, solid line). Calculations 
(66) suggested an apparent a-helical content of 42%. On the addition of 
CaCl, to the TN-C solution, such that the er binding sites on TN-C 

were saturated, the ellipticity displayed by TN-C increased (Figure 24, 
dashed line). Calculations of the helix content of TN-C in the "plus 
cathe medium suggested 54%, an increase of about 29%. 

Similar experiments indicated that the binding of oe to 
skeletal TN-C (25) would increase the helix content by nearly 60%. This 
value is about double the increase calculated for cardiac TN-C. Such a 
significant quantitative difference may reflect an important structural 
difference between the two forms of TN-C. The physiological benefit of 
each type of TN-C to its respective muscle class is not readily apparent. 
Again, questions of the relationship between evolutionary pressure and 
physiological function arise. 

In this section describing the far UV CD properties of cardiac 
TN-C, two other sets of experiments, concerning the effects of different 
divalent cations and of ionic strength, will be related. 

The differential effects of eae on the relaxing systems of 
cardiac and skeletal muscle were pointed out by Ebashi et al. (28). 

They claimed the sensitivity of natural cardiac actomyosin to a given 
concentration of eee was 5 times that of natural skeletal actomyosin, 
relative to a given concentration of oe Therefore, the effect of 
cs on our preparation of TN-C was examined. In fact, the maximum 


effect caused by the addition of SrCl, to a TN-C solution was nearly 


2 


. ‘, 
identical to that elicited by CaCl,. one produced a 28% increase in 
be 
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Figure 24. 
calcium. 
1 mM EGTA. 


200 220. +240 
WAVELENGTH,nm 


Far UV CD spectra of TN-C in the presence and absence of 
TN-C was dissolved in 0.15 M KCl, 50 mM tris-HCl, pH 7.5, 


‘ 9 
, "minus Catt". ——-, "plus Ca2*", 
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apparent a-helix content, as opposed to 29% for cae and, therefore, it 
> 

can substitute for Cas as the trigger for the conformational change. 
However, calculations revealed that the maximal effect of cach occurred 

, : = : = 
prior to the achievement of a free ae concentration of 10 : M, whereas 

2+ ‘ tes ; -4 

thaclot. St juequized,a free.Sr concentration of nearly 10 MM. Car- 

: iene ae 2+ vA ae 
diac TN-C has a significantly lower affinity for Sr than for Ca ions. 

; : , Va gan Zr 
An ion of more physiological relevance than Sr is Mg”. The 
; f Gr ees 
exact sarcoplasmic concentration of free Mes is in some doubt (89), 
+ 

due to the presence of such natural ee chelating agents as ATP. In 
calcium binding studies on skeletal TN-C, Potter and Gergely (90) em- 


ployed 2 mM MgCl. solutions to approximate a "high" estimate of sarco- 


2 


; 2+ , 
plasmic free Mg concentration. 


The incremental addition of MgCl, to a TN-C solution up to a 


Z 


concentration of 5 mM was observed to cause a slow increase in the magni- 
tudes of ellipticity values in CD spectra. A maximal change correspond- 
ing to a 14% increase in a-helical content was calculated. The presence 
vi aa : ' SA re : 
of Mg in a TN-C solution did not affect significantly the final 
WSS ea eee + Yas 2+ 
ellipticity values elicited by ca* or Sr. It seems that Mg can 
: 2+ , : 
substitute only poorly for Ca to produce the conformational change in 
: : or ; : 
cardiac TN-C. The much higher Mg concentrations necessary to induce 
a significant conformational change indicate a much lower affinity of 


a+ 


TN-C for Neat Shan for.cs CD studies on skeletal TN-C (91, 92) 


; ae : 2? , ; 
yielded similar conclusions about the effect of Mg on the interaction 


i ee , et 
between TN-C and Ca ions. Estimates for the association constant of 


Meas and cardiac TN-C are similar to those suggested for Ment and skele- 


tal TN-C, between 10° and 10° ae 


Ionic strength was discovered to play a role in determining the 
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apparent a helical content of cardiac TN-C. To study interactions be- 
tween the troponin components using CD techniques, 0.5 M KCl-containing 


solutions were used to maintain TN-I and TN-T in solution. In the 


+ 


higher ionic strength solvent, TN-C was found, in the "minus ca* state, 


to contain 47% a helix. In the "plus cae state this value increased 
by 21% to 57%. This increase differs from the 29% value, from 42 to 542, 
for the protein in a 0.15 M KCl buffer. With respect to the ef- 


fects of the divalent cations tested, this ionic strength effect 


is small, but it does suggest that some ionic interactions do occur be-~ 
tween TN-C and the salt in the surrounding medium. These salt effects 

are probably nonspecific due to the rather small net effect, but must be 
taken into account in certain experiments such as those described in the 


chapter on interaction studies. 


es Stabilizing Effect of Catt 


The ellipticity value at 221 nm in a CD spectrum provides a 
measure of the degree of denaturation of a molecule by reflecting its 


apparent a helix content. In thermal denaturation studies on TN-C in 


+, 


the "plus" and "minus Gas states, denaturation was followed by plotting 


8 (the ratio of [6] at a given temperature, T, to [6] 


a oe eas 221 221 


at the minimum temperature at which the experiment was conducted, near 


10°C in these studies) against the temperature, T (Figure 25). In the 


+1, 


: 2 ‘ cee , 
"minus Ca state, a melting transition was observed near 50°C. This 


eo : ns rr 
transition was much less sharp in the presence of Cae or sr* aserne 
relative magnitudes of the decrease in helix content on thermal denatur- 
at: + or 2+ 
ation is reduced when ws OL si? are bound to TN-C. Ca and Sr 


have a stabilizing effect on the molecular structure of TN-C with 


respect to thermal denaturation. 
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Figure 25. CD thermal denaturation studies of TN-C in the presence or 
absence of calcium or strontium. TIN-C was dissolved in 0.15 M KCl, 

50 mM tris-HCl, pH 8.0, 1 mM EGTA. O07 obs/9T,min is the ratio of [6]221 
at the experimental temperature, T, to [6]99, at the minimal temperature 
at which the experiment was performed. —0—O0—, "minus Ca2t"; 
—A—A—, "plus Ca2t"; —o-—c—, "plus Sr2t". 
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Pay re Binding 


Troponin in muscle performs its regulatory function by being 


: : Bh : : 
able to recognize changes in the free Ca concentration in the surround- 


ing sarcoplasm. A thorough review and reevaluation of the Cac binding 
parameters of skeletal TN-C and troponin has been performed recently by 
Potter and Gergely (90). Troponin and TN-C from skeletal muscle each 
bind, maximally, 4 can and 4 Neal ions per molecule in a possible 6 di- 
valent cation sites. These sites fall into three classes: (1) two high 
affinity ee binding sites which, in a competitive manner, also bind 


Nose (2) two sites which have a lower affinity for Cac’, but which do 


not bind Mes’; and (3) two sites which bind pear but not Cap 

Collins et al. (18), by an analysis of the skeletal TN-C amino 
acid sequence, had been able to predict accurately that TN-C could bind 
4 a ions. The basis for this prediction was the presence of 4 
stretches of sequence in TN-C which were homologous with the calcium 
binding regions of carp parvalbumin (49). When van Eerd and Takahashi 
(47) published the amino acid sequence of bovine cardiac TN-C, they 
attempted to make a similar prediction. They discovered only 3 regions 
in the cardiac TN-C sequence homologous to the parvalbumin calcium 
binding sites. These 3 stretches of sequence corresponded to 3 of the 
4 predicted Ca-binding sites of skeletal TN-C. Therefore, it was 
suggested that each cardiac TN-C molecule bound 3 calcium ions. 

In our experiments, the ee binding properties of cardiac TN-C 
were studied in two ways, one employing CD techniques and a second using 
gel filtration methods. 

a. CD Titration Studies 


In these experiments, TN-C was dissolved in 0.15 M KCl, 50 mM 
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tris-HCl, pH 7.5, and 1 mM EGTA in the presence or absence of 2 mM 


MgCl. Increments of CaCl, were added to the protein solution and the 
corresponding values of [8] 554 recorded. 
The results of additions of CaCl, to a cardiac TN-C solution in 


2 


aie : ; ; 
the absence of ee ions are presented in the form of a titration curve 
in Figure 26. The fraction of completion of the CD spectral change, f, 
} 5 ; ; 2+ ; 
is plotted against the negative logarithm of the free Ca concentration 


in solution, pCa The data were collected from 6 sets of titrations on 


1 
3 different preparations of TN-C. The solid curve is a theoretical 


titration curve calculated assuming TN-C possesses a single calcium 


6 ui 


ee : bite 2+ ~ 
binding site and an apparent association constant for Ca OL 7 LO Mi 


The mathematical relation describing this curve is (from equation [32]): 


(ae aye Stein 
gee ee eee Se ee [34] 
1+ (7x £0.) candle 


where: 


gee ae [35] 


The close fit of the calculated curve to the experimental data 

. s e a+ e ° 
suggests that the binding of only one Ca ion to a cardiac TN-C mole- 
cule is sufficient to elicit the entire conformational change observed 


by CD methodology, and the apparent association constant for this inter- 


action is 7 =x 10° eee 


In the absence of added ae it was shown that 2 mM MgCl, pro- 


2 
duced a change in the CD spectrum approximately one half the magnitude 


i 


of that produced by saturating levels of Ca Therefore, the titration 


data for additions of CaCl, to TN-C solutions in the presence of 2 mM 


2 
MgCl, are presented on a scale of from 50 to 100% complete (Figure 27). 
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Figure 26. CD calcium titration of the conformational change in TN-C 
("minus Mg2tt) , The protein was dissolved in 0.15 M KCl, 50 mM tris-HCl, 
pH 7.5, 1 mM EGTA. CaCl? was added incrementally and [§]22] recorded 
for each addition. f is the fraction of completion of the conforma- 
tional change and pCaf = -log[Ca2t]¢. The solid line represents a cal- 
culated titration curve assuming that one Ca2+ binding site exists on 
oxi ee the apparent association constant for the interaction is 7 x 

109 M-+, 
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Figure 27. CD calcium titration of the conformational change in TN-C 
("plus Mg2t"). The experimental conditions were as described in Figure 
26 except that 2 mM MgCly was present in all buffers. 
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The results represent 6 sets of titrations on 3 different preparations 
of IN-C. 
These data were not analysed in terms of the equations pre- 
5 : ae a 2+ 
sented for the estimation of the binding parameters of Ca to IN-C. 


The situation in the presence of MgCl. cannot be represented by a 


ie 


two state model considering only plus and minus case bound forms of 
TN-C. A certain proportion of the TN-C molecules has Moet bound to 
it and, as Mesh does affect the CD spectrum of TN-C, this complex 
represents a third possible state in which the TN-C molecules may 


exist. 


The effect on the CD spectrum of TN-C exerted by gat on 


2 
top of that produced by Mo-* reaches half maximal in the pCa. range 


- 


from 6.5 to 7.0. This is a range similar to that observed for the 
titration performed in the absence of ee (Figure 27). However, the 


: : : + . : , 
titration in the "plus Me? '" situation does not approach completion 


+ 
as rapidly as in the "minus Mot " situation, implying that Masur 


may hinder cae binding by competing for the binding site. 


Incremental additions of MgCl, to ITN-C solutions in the absence 


2+ ; , se hai, 
of Ca produced increases in observed ellipticity values over a broad 
concentration range. The data were not suitable for a binding para- 
; : Pins 2+ : 
meter analysis as performed with Ca. From the Mg concentration 


required to produce one half of the maximal observed ellipticity change 


at 221 nm, the apparent association constant for TN-C with Mesh was 


estimated to be between 10° and 107 wt, 


ot 


Addition of MgCl, to TN-C in a "plus Ca solution produced no 


further change in its CD spectrum. Therefore, Moré if it does bind at 


a site other than the one responsible for the conformational change 
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already described, does not induce a further structural change which is 
detectable in CD spectra. 

b. Gel Filtration Studies 

Van Eerd and Takahashi (47) had predicted 3 Gaon could be bound 
to each cardiac TN-C molecule. Our results demonstrated that the binding 
of a single Gat could elicit the full conformational change observed in 
CD spectra. The possibility remained that, in total, more than one Lee 
could bind to each TN-C, but that only the one responsible for the 
altered CD properties had been detected. 

To test this hypothesis, the gel filtration technique of Hummel 
and Dreyer (83), as adapted by Voordouw and Roche (84), was employed to 
study the binding parameters for the interaction of TN-C with Gant 
These experiments were performed in the presence and absence of 2 mM 
MgCl,. ) 

Eluant from the gel filtration column (Figure 28) was monitored 
for protein content, by measuring its absorbance at 278 nm, and for 
calcium concentration, using atomic absorption spectrophotometry. One 
protein peak eluted at the void volume of the column. Two calcium peaks 
emerged, one coeluting with the protein and one appearing later in the 
profile. Integration of the amount of calcium eluting in the first 
peak and division of this value by the total protein in the peak yielded 
the mole ratio of Gam bound to TN-C. 

To test the method, the maximal binding of ex to rabbit skele- 
tal TN-C (kindly donated by Dr. W.D. McCubbin) was determined. The 
column was equilibrated against 0.15 M KC1, 50 mM tris-HCl, pH 7.5, and 

4 1% 


$e 1Ooy ay CaCl... Assuming an Es cm, 280 


(13), it was determined that each mole of skeletal TN-C could bind 


value for skeletal TN-C of 1.93 
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Figure 28. Elution of TN-C and calcium from a Sephadex G-25 column. 
TN-C (1 mg/ml) was applied to a 1.0 x 30 cm column in 0.6 ml of 0.15 M 
KCl, 50 mM tris-HCl, pH 7.5, 5 x 1074 M CaCly and eluted with the column 
equilibration buffer, 0.15 M KCl, 50 mM tris-HCl, pH 7.5, 1 x 10-4 M 
CaCl. (A) Protein elution profile monitored spectrophotometrically 

at 278 nm. (B) Calcium elution profile monitored using an atomic ab- 
sorption spectrophotometer. 
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3.9 £ 0.2 moles of Se This was in excellent agreement with the value 
of four found by Potter and Gergely (90). 
Performance of an identical set of experiments using cardiac 
TN-C suggested that each mole of protein could bind 3.2 + 0.2 moles of 


2h 


Ca’ . If 2 mM MgCl. were incorporated into the column equilibration 


2 

‘buffer, this value was determined to be 2.9 + 0.2. Our results provide 

experimental support for the speculation, based upon amino acid sequence 
: ; , ; oan 

analysis, that bovine cardiac TN-C would bind 3, not 4, Ca ions ona 

mole per mole basis (47). 

Incorporation of EGTA into the column equilibration buffer 
allowed investigation of calcium binding to TN-C as a function of free 
calcium concentration. Figure 29 presents the results of such experi- 
ments. Open squares represent data points collected in the absence of 

2+ Pine 
Mg” ; closed squares represent data collected in the presence of 2 mM 


MgCl The solid lines are theoretical titration curves fitted to the 


2s 
observed data. These curves were generated by introducing numerical 


values for the parameters i, the number of eon. bound per TN-C, and ee 


the apparent association constant for the interaction, into the 


equation (90): 


Cac jamec = ——S8tP__ ee [36] 
pp Is 


a 
The best fit to the data (judged by eye) collected in the absence of Wee 


(Figure 29, open squares) was obtained by setting i = 3.2 and ae = 


tips 10° wa For data collected in the presence of 2 mM MgCl, (Figure 


29, closed squares), the best fit was generated by setting i = 2.9 and 


K =l1x 10° ge 
app 
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Figure 29. Determination of the moles of calcium bound per mole of TN-C 
at various concentrations of free calcium ion. Open squares represent 
data collected in the absence of MgCl?. The solid curve through these 
data represents a titration curve calculated assuming 3.2 calcium ions 
bind per TN-C and the association constant for the interaction is 7 x 

10© m-1. Closed squares represent data collected in the presence of 2 mM 
MgCl5. The solid curve through these data was calculated assuming 2.9 
Ca2t+ bind to each TN-C and the association constant for the interaction 
is 1 x 106 wl, 
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The results clearly demonstrate that Veaabe ions in solution com- 
pete with ae. for binding sites on TN-C. An increased neo concentra- 
tion increases the level of ene necessary to occupy the sites. Once a 
sufficiently high oo concentration has been attained, essentially all 
the wea can be displaced from the binding sites. 

Our results differ from those reported by Drabikowski et al. (45) 
and by Brekke and Greaser (46). Drabikowski et al. found only 1.64 ta 
bound per cardiac TN-C. However, the methodology they employed only 
measured 2.16 Orr bound per skeletal TN-C. Brekke and Greaser, similarly, 
found 2.08 oe gail bound per cardiac TN-C, but only 2.25 bound per skeletal 
TN-C. These latter values may be low estimates for the maximal binding 
capacities of TN-C due to the experimental conditions employed. TN-C 
was dialysed against 0.5 M KCl, 2 mM MgCl, 
Ad 10°° M caCl.. Clearly, in the presence of 2 mM MgCl 


LOrmM Tris-HCl, pHi 7 <s,; and 
+ 

9? a free ee 

concentration of 1 x roe M would not saturate the binding sites on 


cardiac TN-C (Figure 29). At pCa, = 6, our results suggest that about 


f 
1.5 - 1.7 moles of ca? would be bound to a mole of cardiac TN-C. The 
somewhat higher value found by Brekke and Greaser may reflect that, 
although working at micromolar levels of oo they did not use a metal 
ion buffer system to control precisely free a concentrations. 

c. Summar 

Analytical gel filtration studies revealed that cardiac TN-C can 
bind 3 Ca ions per molecule. Only one of these is responsible for the 
observed alterations of the CD properties of the protein in the presence 
of oe. The remaining two occupy sites which are "invisible" to cir- 


cularly polarized light. 


The data do not indicate that different classes of sites, with 
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respect to magnitude of association constant, exist on cardiac TN-C, as 
reported for skeletal TN-C (90). They do suggest that the sarcoplasmic 
+ 
level of free Kas ions does affect the binding parameters for the inter- 
action of TN-C with Cao Although the precise concentration of free 
fg PE ; : , 2+ 
Mg” within cells is unknown (89), a high estimate (2 mM Mg” ) results 


in a reduction of the association constant from 7 x 10° wl to about 


rae 
Lx 109" a The sensitivity of TN-C to a cae" induced conformational 
change would still fall within the range of caee concentrations experi- 


enced in the sarcoplasn, 10a M in actively contracting muscle to ees M 


in resting muscle. 


B.. TN-I 
1. Amino Acid Analysis 

The amino acid composition of bovine cardiac TN-I, prepared in 
our laboratory, is detailed in Table II. The values represent residues 
per molecule, assuming a molecular weight of 23,500 (52). Also presented 
are the amino acid compositions of rabbit skeletal TN-I (19) and rabbit 
cardiac TN-I (52), as calculated from published amino acid sequences. 

TN-I, independent of its source, is rich in basic amino acid 
residues. However, as was found for TN-C, significant differences in 
the contents of certain residues exist. As the sequences of both rabbit 
skeletal and rabbit cardiac TN-I are known, there is no question that 
the observed differences are tissue-related. The small variations ob- 
served between bovine and rabbit cardiac TN-I may represent inter- 
species differences. 


2. Solubility 


Cardiac TN-I was found to be marginally soluble in non-denaturing 


~yesal ot 103 exosamicton 


attoweas ( 


‘eta oF iy Mey ¥ 'N wont inin7909>-6 


te motIen Tomo hoinane’ ey ” nas 
are 


ee ee ee 28). 


ae 


“seeizetens Senha? ey ¢€. 07 curse 


uM ; 
aa t 6 “8 
Ni of slowem gakdosvanco ytewiaon @k as eae! 


asac@regich saosltishe i 4h Seat eae ee <usveweR 


anise nat aan at elduios Sinntata ag 3 <r 


et: 


osodaueaieaneea +85. » agtect orp & ‘thet £ £38 


LT  f-2T? sebhcas cater Is nad. bmognos bios can of ie 
nugergs?. soyiny Sait it siGat as bettesst et ves exedad 90 
; | ee + é} 0G2,,t5 ig. 3 igi 3 saispaioa & guinea 7 
i (80) D4 tagodele siddey Jo Aaeheebegmes bias co Sa sali 
oe Sise Onkese bedetl dog o £3 a redeeben. et 0 (SE). Tot, 
eniimen okeed at doit ef -eaugoe €2L to snebooqebat’ ee 


od io Beeps pee suc 4h ak? «| poulibuits’ hedten So. adn 


_ 


wolapeup of Gh covet? ,ewond on TT spbhtes skddes bast 


.¥ 
or ee } 


7 | ore 

tahaey Ilage sit. hea ital ‘euanly.: sa roaneva2eth b rie oa 
tnt tagaquqes yam I-HT 2ptigeo, seein ban = > 
7 co st? 


‘ , 
i 
Se > ¥ Le 
. 3 Aba 
b= 
ae 2595 
i_ ai 


< 


hi — 
wa 


1. & i 


a 
— 
7 


TABLE IIL 


Amino acid composition of bovine cardiac TN-IL 


Residues per molecule of protein 


Rabbit Bovine Rabbit 
smino acts Sagi cette cardiss 
Lys 24 2248 24 
His 4 3,0 3 
Arg 16 eae | 3 
ASx 1S 1330 Lf 
Thr 3 9.6 LO 
Ser 10 Ok 8 
Glx a fine Pa: 31 
Pro a) 8.8 5 
Gly 8 £3.0 leg 
Ala 14 7a a8) 23 
Val 7 529 8 
Met 9 aU 4 
Ile 5 6.7 y 
Leu any? elo 2 no 
Tyr 2 32.0 e 
Phe 5 ae 4 
Trp 1 ee 1 

1/2 Gys 3 2 tt Z 


*Wilkinson and Grand (51). 
**Assuming a molecular weight of 23,500. 


eet Grand et al, (52). 
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butfers near neutral pH. Solubility in 0.5 M KCl, 50 mM tris-HCl, pH 
7.5 could be increased significantly if TN-I were dissolved first ina 
buffer containing 8 M urea, or simply in 10> N HCl, and subsequently 
dialysed against the tris medium. Clarification of protein solutions by 
centrifugation or millipore filtration was performed routinely prior to 
conducting analytical studies. 

3. Extinction Coefficient 

The extinction coefficient of a 1% solution of cardiac TN-I in 
a lcm pathlength cell at 278 nm was determined to be 3.7 (Figure 30). 

4. Molecular Weight 

Early studies (29, 33) in which SDS gels of crude preparations 
of whole cardiac troponin were sTeceronnore sed suggested that cardiac 
TN-I possessed a higher molecular weight than skeletal TN-I. Amino acid 
sequence studies (52, 19) determined the molecular weights of rabbit 
cardiac and rabbit skeletal TN-I, respectively, to be 23,550 and 20,897. 

In this investigation, cardiac TN-I, on SDS gels, migrated as a 
protein with a molecular weight of 27,000 + 1,000 (Figure 19). By com- 
parison, skeletal TN-I possessed a molecular weight of 23,000 using the 
same technique (17, 93) (Figure 31). 

Conventional sedimentation equilibrium runs in 0.5 M KCl, 50 mM 
tris-HCl, pH 7.5 indicated that cardiac TN-I undergoes aggregation, as 
plots of clos civa. were not linear but curved upwards (Figure 32). 
This problem was overcome by centrifuging TN-I in 8 M urea, 50 mM tris- 
HGl, pH 7.5, 0.2 M Naci, 1 mM DIT. Log ¢ vs. & plots in this medium 
were linear (Figure 33). 

From the amino acid composition, a v for TN-I of 0.73 ml/g was 


calculated (70). In denaturing solvents, such as 8 M urea, Kay (94) has 
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Figure 30. Determination of the extinction coefficient of TN-I. The 
protein was dissolved in 0.5 M NaCl, 50 mM tris-HCl, pH 7.5 and centri- 
fuged at 12,000 rpm. The absorbance value at 278 nm was recorded for 


each sample and its concentration determined refractometrically according 
to Babul and Stellwagen (68). 
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Figure 31. 


Comparison of the mobilities of skeletal and cardiac TN-I 


on SDS polyacrylamide gels. Gel A shows cardiac TN-I. Gel B shows 
skeletal TN-I. Gel C reveals the different mobilities of the two forms 


of TN-I. 


50 pg of each type of TN-I were applied to gel C. 
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Figure 32. Sedimentation equilibrium log A versus rc plot for TN-I in 
a nondenaturing buffer. TIN-I was dissolved in 0.5 M NaCl, 50 mM tris- 
HCl, pH 7.5, and spun at 9,000 rpm in a centrifuge equipped with a photo- 
electric scanner. A represents protein concentration in terms of ab- 
sorption units at 280 nm. 
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Figure 33. Sedimentation equilibrium log A versus rae plot for TN-I in 
the presence of 8 M urea. TIN-I was dissolved in 8 M urea, 0.2 M NaCl, 
50 mM tris-HCl, pH 7.5, 1 mM DTT and spun at 20,000 rpm in a centrifuge 
equipped with a photoelectric scanner. A represents protein concentra- 
tion in terms of absorption units at 280 nm. 
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suggested that due to an unfolding of the protein, with the resultant 
elimination of “excluded volumes" and possible exposure of buried 
charged groups to the protein surface, Vv could be expected to decrease 
by 1 - 1.5%. Therefore, in calculations of the weight average molecular 
weight of TN-I in 8 M urea, V was assumed to equal 0.72 ml/g. Such an 
assumption led to a calculated molecular weight for cardiac TN-I of 
22,900 + 500, a value later supported by sequence studies (52). 

As a possible explanation for its anomolous migration on SDS 
gels, the basic nature of the amino acid composition of TN-I was con- 
sidered. Weber and Osborn (95) suggested that a protein might migrate 
abnormally on SDS gels if it possessed an unusually high intrinsic net 
charge. Histone fl, given as an example, with a molecular weight of 
21,000, electrophoresed on SDS gels as though it had a molecular weight 
of 35,000. The complex between a basic region of a protein and SDS may 
possess a lower negative charge density than a more random region. 

This may cause the complex to assume a conformation different than that 
of a normal protein - SDS complex, leading to anomalous migration on 
gels. 

5. UV Absorption Spectrum 

The UV absorption spectrum of cardiac TN-I (Figure 34) is 
typical of most proteins, displaying a maximum near 278 mm, a minimum 
near 250 nm, and a shoulder, indicative of a tryptophan contribution at 
about 290 nm. 

6. CD Properties 

The CD spectrum in the peptide absorption region of cardiac TN-I 

(Figure 35) is representative of a protein containing a-helical regions, 


exhibiting two negatively dichroic bands centred near 207 and 221 m. 
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Figure 34. UV absorption spectrum of TN-I. The protein was dissolved 
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Figure 35. Far UV CD spectrum of TN-I. The protein was dissolved in 
OF "MKC eeo0:mM tris-HCl,. pH 7.5, 1 mM EGTA. 
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Calculations (66) suggest an apparent a helix content of 23%, signifi- 
cantly lower than the 45% value proposed for skeletal TN-I (51). The 
increased proline content of cardiac TN-I may play a role in this dif- 
ference. 
The shape of the CD spectrum of cardiac TN-I was not affected by 
ae 26 Pee od ; ; 
the addition of Ca and/or Mg ions to concentrations as high as 5 mM. 
The aromatic region of the cardiac TN-I CD spectrum was essen- 


tially featureless. 


Cuas INSEE 
1. Amino Acid Analysis 
The amino acid composition of bovine cardiac TN-T is presented 
in Table III, along with that of rabbit skeletal TN-T, as determined 
from its amino acid sequence (20). The values are presented as residues 
per molecule, assuming a molecular weight for cardiac TN-T of 36,300. 
Completing the pattern set by TN-C and TN-I, the TN-T molecules 
from different tissue sources show considerable variation in their amino 
acid content. Cardiac TN-T is richer in acidic residues, contains less 
proline and methionine, and has approximately one cysteine residue per 
molecule. 
2. Solubility 
As with TN-I, cardiac TN-T was marginally soluble in non- 
denaturing buffers. To increase its solubility in 0.5 M KCl, 50 mM tris- 
HCl, pH 7.5, it was dissolved in an 8 M urea-containing buffer and dia- 
lysed against the tris medium. Prior to any analytical work, TN-T 
solutions were clarified by centrifugation or filtration through milli- 


pore filters. 
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TABLE Lil 


Amino acid composition of bovine cardiac TN-T 


Residues per molecule of protein 


Bovine Rabbit 
Amino Acid pes mee 
Lys AS 39 
His 4.4 6 
Arg 33-6 25 
Asx 27.4 20 
Thr 736 6 
Ser 6.8 2 
Glx 88.3 57 
Pro oa S 
Gly 1207 8 
Ala DAS 26 
Val eek 11 
Met | ons 5 
Ile BES) 8 
Leu URelee) 19 
Ty 4.5 4 
Phe hind 5 
Ep 2as 2 
1/2 Cys ag 0 


*Assuming a molecular weight of 36,300. 


**Pearlstone et al. (20). 


i ; £ 


. Ghovera te elyoolved 199 ; a 


gidden a 
se Lox 
we ThE 


—- = te ome, 


~ 


a 


4 


= es ag : 


= 


3. Extinction Coefficient 

The extinction coefficient of a 1% solution of cardiac TN-T in 

a 1 cm pathlength cell at 278 nm was determined to be 3.9 (Figure 36). 
4. Molecular Weight 

On SDS polyacrylamide gels, the migration rate of IN-T suggested 
it had a molecular weight of 37,000 + 1,000 (Figure 19). This is com- 
parable to the SDS gel molecular weight for skeletal TN-T (96, 97). 

Conventional sedimentation equilibrium experiments in 0.5 M NaCl, 
50 mM tris-HCl, pH 7.5, gave log c vs. = plots which were not linear, 
but curved upwards (Figure 37), suggesting aggregation. However, in 
8 M urea, 0.2 M NaCl, 50 mM tris-HCl, pH 7.5, 1 mM DIT, the plots were 
linear (Figure 38). Assuming a V for TN-T of 0.72 ml/g, as estimated 
by calculating a V from its amino acid composition (70) and taking into 
account the effect of 8 M urea (94), a weight average molecular weight 
se cardiac TN-T of 36,300 + 2,000 was determined. 

The molecular weight of skeletal TN-T found in sequence studies 
(20) was 30,503, considerably less than the reported gel molecular weight 
of 37,000. Although ultracentrifugal studies were able to distinguish 
the true molecular weight of cardiac TN-I, determined by sequence ana- 
lysis, from its anomolous SDS gel molecular weight, no such distinction 
could be made for TN-T. Therefore, it was concluded that the molecular 
weight of cardiac TN-T is in the vicinity of 36,000. 

As an interesting aside, Pearlstone et al. (20) found that 
about 50% of the amino acid residues in rabbit skeletal TN-T would be 
charged at neutral pH. Also, they noted an almost total lack of clusters 
of nonpolar residues in the sequence. These facts indicate that skele- 


tal TN-T does not possess a significant hydrophobic core, suggesting 
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Figure 36. Determination of the extinction coefficient of TN-T. The 
protein was dissolved in 0.5 M NaCl, 50 mM tris-HCl, pH 7.5 and centri- 
fuged at 12,000 rpm. The absorbance value at 278 nm was recorded for 
each sample and its concentration determined refractometrically according 
to Babul and Stellwagen (68). 
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Figure 37. Sedimentation equilibrium log Y versus r2 plot for IN-T in 

a nondenaturing buffer. IN-T was dissolved in 0.5 M NaCl, 50 mM tris- 
HCl, pH 7.5 and spun at 14,000 rpm in a centrifuge equipped with Rayleigh 
interference optics. Y represents protein concentration in terms of 
fringe displacement units. 
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Figure 38. Sedimentation equilibrium log A versus r2 plot: or IN=<T in 
the presence of 8 M urea. TIN-T was dissolved in 8 M urea, 0.2 M NaCl, 
50 mM tris-HCl, pH 7.5, 1 mM DTT and spun at 20,000 rpm in a centrifuge 
equipped with a photoelectric scanner. A represents protein concentra- 
tion in terms of absorption units at 280 nm. 
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that the molecular structure is readily penetrable by solvent molecules. 
Considering these conclusions in terms of the V of TN-T, it seems that 
a prediction of V from the amino acid composition might lead to an 
erroneously high value. 

It is probably valid to assume a great degree of homology be- 
tween the structures of skeletal and cardiac TN-T. Since a 1% error in 
estimating V would lead to nearly a 5% error in the calculation of a 
molecular weight from sedimentation equilibrium data, assuming a V for 
cardiac IN-T of 0.71 ml/g instead of 0.72 ml/g would place its molecular 
weight significantly less than 36,000. If this were true, the incorrect 
SDS gel molecular weight could be explained, in a similar fashion to the 
TN-I case, as being due to the unusual charge properties of the molecule. 

5. UV Absorption Properties 

Cardiac TN-T possesses a typical protein UV absorption spectrum 
(Figure 39), exhibiting absorption bands arising from all 3 types of 
aromatic amino acid residues. 

6. CD Properties 

The CD spectrum of cardiac TN-T in the far UV wavelength region 
displays minima near 207 and 221 nm (Figure 40), indicative of a helical 
regions in its polypeptide chain. Calculations (66) suggest an apparent 
a helix content of 43%. 

The shape of the cardiac TN-T CD spectrum was unaffected by the 
addition of CaCl. to 5 mM. However, if 2 mM MgCl, were present, a 4 - 6% 


Z 


decrease in [8] 554 was observed. The significance of this small change, 
if any, is not clear at this time. 


In the aromatic region of the TN-T CD spectrum, a broad, slightly 


negative dichroism was observed. This portion of the TN-T CD spectrum 
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Figure 39. UV absorption spectrum of TN-T. The protein was dissolved 


in 0, 54M NaCl. 50 mM tris-HCl, pHia/ 5 5:.l.mM EGTA. 
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Far UV CD spectra of TN-T in the presence and absence of 


IN-T was dissolved in 0.5 M NaCl, 50 mM tris-HCl, pH 7.5, 
OT va. mM MEG Lon (a), 


Figure 40. 
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CHAPTER V 


INTERACTION STUDIES 


It is clear that the subunits of troponin interact strongly with each 
other. They adhere to one another while the muscle structure about them 
is disrupted and subjected to an extensive series of washes which remove 
most other proteins. They precipitate out of solution together in a 
narrow range of ammonium sulfate concentration, despite vast differences 
in net charge and general solubility properties. To separate the compo- 
nents, strongly denaturing conditions (8 M urea) are required. Once 
isolated, TN-I and TN-T firmly refuse to be returned into solution. But 
if TN-C is added to the same test tube, these proteins readily dissolve 
without the necessity of prodding by denaturing conditions. 

To fully understand how troponin regulates muscle contraction, the 
types of intersubunit interactions which occur must be known. Potter 
(98) recently confirmed, using quantitative SDS gel analysis, that the 
stoichiometry of the major proteins in the rabbit skeletal muscle myo- 
fibril is actin:myosin: tropomyosin: IN-T:TIN-I:TN-C equal to 7:1:l1l:l:l1:l. 
Head and Perry (43) demonstrated that in cardiac muscle the ratio of 
actin to TN-C is 7:1, so it seems reasonable to assume the protein 
stoichiometry in cardiac muscle, at least in the thin filament, is simi- 
lar to that in skeletal muscle. This assumption greatly reduces the 
number of permutations of possible interactions and, therefore, the 
amount of material necessary to study the nature of the interactions 
which occur among the components of the cardiac muscle regulatory system. 

Again, the material in this chapter is drawn mainly from published 


results, 63hs 138741). 
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A. BIOLOGICAL ACTIVITY 

Once each troponin subunit was isolated in pure form, adding it to 
a synthetic bovine cardiac actomyosin (SAM) system allowed its primary 
functional role to be assigned. It was, in fact, these studies which 
justified labelling the subunits TN-I, TN-C and TN-T in the same fashion 
as the skeletal counterparts. 

The addition of cardiac TN-I to a SAM ATPase assay system (Figure 
41) led to as much as a 60% inhibition of the ie activated actomyosin 
ATPase. This inhibitory effect was independent of the presence or ab- 
sence of free Cann ions in the assay mixture. Brekke and Greaser (46) 
were unable to show a significant inhibitory effect of cardiac TN-I in 
a Similar assay system. All three troponin components were necessary to 
produce inhibition in the absence of ca The reason for this dis- 
crepancy is not clear at this time. 

Upon adding cardiac TN-C to a SAM preparation which had been in- 
hibited partially by the addition of IN-I, the inhibitory effect could 
be completely reversed (Figure 42). Again, this reversal phenomenon was 
not dependent upon ome concentration. 

To render the assay system sensitive to a ions, all three cardiac 
troponin constituents had to be present (Table IV). In the presence of 
EGTA, TN-I and TN-C, ATP was hydrolysed at the same rate as by a control 
in which neither troponin component was present. Addition of TN-T 
caused the ATPase activity to fall to a level equivalent to a situation 
in which only TN-I was present. However, addition of cacl, resulted in 
the ATPase activity being restored completely. 


No cross-functionality was observed among the subunits. Only TN-I 


could inhibit ATPase activity, and only TN-C could restore the inhibited 
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RELATIVE ACTIVITY 


0 40 80 120 160 200 
TN-1 ADDED, jg 


Figure 4l. Inhibition of the Mg2t activated ATPase of synthetic cardiac 
actomyosin by TN-I. The control sample contained 750 yg cardiac SAM 

and 50 ug cardiac tropomyosin in 10 mM tris-HCl, pH 7.6, 2.5 mM MgClo, 

1 mM EGTA, 2.5 mM ATP at 20°C. 


. aS 200A °i-AF 


calicn? Slaedsaze to see TTA bessvison gy ots lage e 
MAZ okibten gy OSX banletoos olqese Lozimes 
cidah Me ¢.£ 43.% % »ldk-ulss Bx OL nt peek abs 


= 
O 


0.9 


RELATIVE ACTIVITY 


0 40 80 120 160 
TN-C ADDED, pig 


Figure 42. Reversal of the IN-I induced inhibitory effect on synthetic 
cardiac actomyosin by TN-C. The control sample was as described in 
Figure 41. The system was then partially inhibited by the addition of 
25 ug IN-L, prior to the addition of TN-C. 
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TABLE IV 


Reconstitution of the regulatory system of bovine cardiac muscle 


Troponin Components fcao] Relative 
Present free Activity 
lL. sGontrol 0 1.00 
2. 50 ug IN-I 0 61 
S$ DOAN Ga Ne ack 0 <o4 
50 ug TN-C 
4. 50 ug TN-I + | 0 58 
50 pg IN-C + 
70 wg TN-T 
=3 
5. 50 ug TN-I + 10° M 99 
50 ug TN-C + 
70 pg TN-T 
NOTE: 


The control contained 750 pg synthetic actomyosin and 


50 wg tropomyosin in 10 mM tris-HCl, pH 7.6, 2.5 mM MgCl, 


1 mM EGTA and 2.5 mM ATP at 20°C. 
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activity. Further, only when IN-T was present did the entire system 
2+ Sees 

become Ca sensitive. 

The regulatory proteins are present in an equimolar ratio in muscle 

; ; : 2+ 

(98), but an equimolar mixture of these proteins does not confer Ca 
sensitivity efficiently upon this assay system. This probably reflects 
upon the assay system itself, suggesting conditions are not optimal for 
interprotein interactions. A 1:1 mole ratio of TN-I to tropomyosin in- 
hibits ATPase activity by 30%. A 3:1 ratio is necessary for 50% inhibition. 
A 1:1 mole ratio of IN-C to TN-I restores the activity to 85%, while a 2:1 
ratio is necessary for 95% restoration. IN-T must be added in at least 

: ; : ; - : 2+ ya , 
equimolar propOrtions with TN-I to obtain effective Ca sensitization. 

This study provided information concerning the functions of the 
troponin components, but in a multiprotein mixture such as the assay 


system, it was not possible to determine which proteins interacted with 


one another directly. More controlled conditions were required. 


B. POLYACRYLAMIDE GEL STUDIES 
1. IN-1C 

Head and Perry (43) had shown that skeletal TN-I and TN-C could 
form a strong complex, even in the presence of 6 M urea. They ran samples 
containing a mixture of TN-I and TN-C on polyacrylamide gels in the ab- 
sence of SDS and discovered a band which migrated at a position between 
pure TN-I and pure TIN-C. This new band represented TN-IC, a complex 
which formed from TN-I and TN-C. 

Using similar methodology, cardiac TN-I and TN-C were observed 
to form an analogous complex (Figure 43). Cardiac TN-C (gel A), being 


rich in acidic residues, electrophoresed rapidly at pH 8.5. Conversely, 
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Figure 43. Polyacrylamide gel electrophoresis of TN-IC. Onto the gels 
in the photograph were applied (A) 30 wg TN-C, (B) 30 ug TN-I, (C) 30 ug 
TN-C + 50 wg TN-I, and (D) 30 pg TN-C + 100 ug TN-I. 
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TN-L (gel B), rich in basic residues, did not move downward from the ori- 
gin at this pH. When TN-I and TN-C were mixed (gel C), whether the run- 


ning buffer and sample solutions contained EGTA or CaCl,, a complex with 


mobility intermediate between that of TN-I and TN-C was formed. 

In these experiments, as the mole ratio of ITN-I to TN-C was 
increased beyond roughly 2:1, the residual staining in the TN-C region 
disappeared (gel D). However, this ratio could not be interpreted as 
representing a physiological stoichiometry due to the conditions employed 
(6 M urea). 

Cardiac and skeletal TN-IC differ with respect to the effect of 
Gon upon their formation. In the presence of EGTA, no complex between 
skeletal TN-C and TN-I could be observed (43). Our results demonstrated 
a strong tendency for cardiac TN-I and TN-C to complex in the presence 
of EGTA or of free co ions. 

250 EE OT 

When similar gel electrophoresis experiments were performed on 
solutions containing cardiac TN-C and TN-T in the presence of 6 M urea, 
no evidence for the existence of the complex, TN-CT, was found. If the 
gels were run in the absence of urea, evidence for an interaction be- 
tween TN-C and TN-T could be seen (Figure 44). In gels onto which a 
mixture of TIN-T and TN-C had been applied, two regions of mobility 
intermediate between those of TN-C and TN-T bound dye faintly (gel C). 
These bands did not stain in gels onto which only TN-C (gel A) or TN-T 
(gel B) were applied. The appearance of these dye binding regions did 
not depend upon the presence or absence of available mo ions in the 
sample mixtures. 


Interpretation of the nature of the interaction between TN-C 
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Figure 44. Polyacrylamide gel electrophoresis of TN-CT. Onto the gels 
in the photograph were applied (A) 40 ug TN-C, (B) 60 we TN-T, and 
(C) 40 pg TN-C + 60 pg TN-T. 


and TN-T was hindered by the appearance of 2 new bands. The low stain- 
ing intensity of these regions relative to that of the individual tropo- 
nin components suggested that, under the experimental conditions used, 
the interaction was not a strong one. 

Using gel electrophoresis, van Eerd and Kawasaki (99) reported 
the formation of a complex between skeletal TN-C and TN-T. This complex 
formed in the presence or absence of acu, but possessed a slightly 

Pia 


higher mobility in the presence of Ca”. Gel results, again, reveal 


differences between the cardiac and skeletal protein analogues. 


C. COSEDIMENTATION ANALYSIS 

Cosedimentation analysis has been used to demonstrate that if skele- 
tal tropomyosin and TN-T or TN-I are mixed under conditions where all 
protein components are soluble and subsequently dialysed against a solu- 
tion in which only tropomyosin is normally soluble, not only TN-I or 
IN-T precipitate, but tropomyosin does as well (78, 79). Such copreci- 
pitation was interpreted as evidence that tropomyosin could interact 
with skeletal TN-T or TN-I. 


Results of cosedimentation experiments using cardiac tropomyosin and 


the individual cardiac troponin components clearly demonstrated an inter- 


action between TN-T and tropomyosin but failed to detect an interaction 
of tropomyosin with either TN-I or TN-C. 

As increasing amounts of TN-T were added to solutions containing a 
constant amount of tropomyosin, a precipitate was obtained (Table V). 
Tropomyosin to which no TN-T was added did not precipitate under the 
conditions of the experiment. Analysis of the precipitates by SDS gel 


electrophoresis (Figure 45) showed them to contain both TN-T and 
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TABLE V 
Cosedimentation analysis of solutions 


containing tropomyosin and TN-T 


Mole Ratio Degree of 
Sample (TN-T: tropomyosin) Precipitation 
1. TINe r= ii 
2. TN-T plus tropomyosin Gio ow 1 
3. TIN-T plus tropomyosin ded 2 
4, TN-T plus tropomyosin Zh iz 
5. tropomyosin = 0 


NOTE: 
The degree of precipitation was estimated visually on a scale 


of 0 to 2, with O indicating no visible precipitate. 
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Figure 45. SDS polyacrylmide gel analysis of the precipitates from 
cosedimentation studies. The gels depict (A) precipitated TN-T, 

(B) 40 pg of tropomyosin, and (C) precipitate from an equimolar mixture 
of TN-T and tropomyosin. 
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tropomyosin. Gel A portrays the precipitate from a sample containing 
only IN-T; gel B represents cardiac tropomyosin; gel C reveals that both 
TN-T and tropomyosin are present in the precipitate from an equimolar 
mixture of the 2 proteins. The bands of lower staining intensity appear- 
ing in gels of the precipitates characterize the primary stages of the 
breakdown of IN-T observed on prolonged dialysis in a nondenaturing 


buffer, as discussed previously. 


DL) GDY STUDIES 

Changes in the CD spectrum of a protein molecule provide informa- 
tion about conformational changes which may occur upon ligand binding. 
In particular, CD has proved a valuable tool for monitoring the confor- 
mational change in TN-C upon binding Cae Lons®( 255° 35) 0) Reports” from 
this laboratory involving skeletal muscle troponin components have pro- 
vided strong evidence for the occurence of interprotein ieee 
between TN-C and TN-I, TIN-C and TN-T, TIN-T and tropomyosin and in tropo- 
nin reconstituted from its isolated constituents (100 - 102). 

CD proved, again, in studies on the cardiac troponin subunits, to 
be a sensitive indicator of interprotein interactions (41). The stand- 
ard solvent system consisted of 0.5 M KC1, 50 mM tris-HCl, pH 7.5, 1 mM 
EGTA ("minus cattn solvent). 


Thank "plus 


Far UV CD spectra were recorded, both in the "minus Ga? 
catty states, for each component of the cardiac muscle regulatory sys- 
tem, tropomyosin, TN-T, TN-I and TN-C. Of these spectra, only that of 
TN-C was affected by the addition of eats displaying an increase in 


the magnitude of [6] by 24°2°328 (43,400 debe ch Hmoeeoe Using these 
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experimental situation subsequently tested. These calculated spectra 
simply represented linear combinations of the contributions from each 
protein present in the test solution. Such a spectrum should match an 
experimentally measured one in the case where no interprotein inter- 
actions occur. 

Various test combinations of the components were prepared by mixing 
the individual proteins in equimolar amounts. Spectra were then recorded 
for the combinations TN-C plus TN-T, TN-C plus TN-I, TN-I plus TN-T, 
tropomyosin plus TN-C, tropomyosin plus TN-I, tropomyosin plus TN-T, and 
reconstituted troponin. Of these combinations, those which produced CD 
spectra which differed significantly from the calculated ones (| [9] 
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occurence of interprotein interactions, included the complexes TN-T - 
tropomyosin (Figure 46), TN-CT (Figure 47), TN-IC (Figure 48) and 
reconstituted troponin, TN-ICT (Figure 49). 

The interactions observed appeared to be of two types. For TIN-T - 
tropomyosin and TN-CT, the observed ellipticity values were less negative 
than the calculated ones, suggesting a net loss in apparent a helix 
content upon interaction. For the complexes TN-IC and TN-ICT, a net 
gain in a helix content occurred upon interaction. 

Those complexes involving TN-C underwent a conformational change 
upon binding ca (Figures 47 - 49). For example, with TN-ICT, [8] 554 
increased in magnitude by 10% (~1, 200 leech deol a): Therefore, the 
conformational change observed in isolated TN-C in solution persists in 
those complexes containing TN-C, including reconstituted troponin. Also, 


as with isolated TN-C, the addition of MgCl. to 3 mM prior to the addi- 


2 


tion of CaCl, resulted only in a partial (up to 50% of the maximal) 
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change in [6] values in the CD spectra of TN-IC, TN-CT and TN-ICT. 


221 


Subsequent addition of CaCl, brought about the full change in [6] 


va 221 


values. 
A detailed comparison of the calculated and observed spectra for 
4 | 5 a 2+ ia 2+ < 
TN-ICT in the "minus Ca and "plus Ca States (Figure 49) revealed 


Lay 


that the observed change in [0] (10. 2°2%) upon the addition of Ca 


Cer 
was significantly greater than that predicted (6 + 1%) by simply taking 
ee by + 
into account a dilution of the Ga effect on TN-C due to the presence 
of IN-I and IN-T. For the complexes TN-IC and TN-CT, the differences 
ee ee eee 
between the calculated and observed changes due to Ca’ binding were 
eee Sea 2+ ; 
not significant. Therefore, a potentiation of the Ca effect on iso- 
lated TN-C appears to result in the presence of both of the remaining 
troponin components. Such an amplification may be interpreted as a 
t : 
magnification of the direct effect of Caz binding on TN-C. However, 
it may also represent a situation in which the direct effect on TN-C 
(i.e., that seen on isolated TN-C in solution) leads to changes in the 
conformation of one or both of the remaining troponin components due to 
the nature of the subunit interactions. By extrapolation, such a series 
of events could result in the shifting of tropomyosin away from a block- 
ing position on the f-actin strands, allowing myosin to interact with 
the actin. The net result of this process would be an actively con- 


tracting muscle system. 
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CHAPTER VI 


GENERAL DISCUSSION 


Troponin from cardiac muscle, prepared by the LiCl extraction method, 
can be separated into three protein subunits by a combination of ion 
exchange and gel filtration chromatographies. Physico-chemical charac- 
terization of these molecules, combined with their assayed biological 
activities, allows them to be named in accordance with skeletal muscle 

; ; iinnd os at ; 
troponin nomenclature. Troponin I inhibits the Mg activated ATPase 

: , P : at. 
of cardiac actomyosin. Troponin C binds Ca ions and undergoes a con- 
comitant conformational change which is involved in the release of the 
inhibitory effect of TN-I. Troponin T anchors the troponin complex to 

: , : 2 ; 

tropomyosin. All three components are required to impose Ca sensi- 
tivity upon the actomyosin ATPase reaction. 

Each subunit performs its role via interactions with adjacent members 
of the regulatory complex. Gel electrophoresis experiments demonstrate 
a strong interaction between TN-I and TN-C and provide evidence for a 
TN-C interaction with TN-T. In solutions in which tropomyosin is sol- 
uble but TN-T is not, the latter can "pull' tropomyosin out of solution, 
suggesting a strong interaction of TN-T with tropomyosin. These results 
are confirmed by CD analysis of mixtures of the troponin components. CD 

P ig Oe : 
studies also reveal that the effect of Ca binding on the conformation 
of isolated TN-C persists through the complexes TN-IC, TN-CT and TN-ICT 
(reconstituted troponin). 

The results of interaction studies imply that the mode of regulation 
of cardiac and skeletal muscles by their respective troponin-tropomyosin 


relaxing systems is essentially the same. However, an examination of 
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the amino acid compositions and the hydrodynamic, optical and Cra! 
binding properties of the cardiac troponin subunits reveals quantitative 
differences between them and their skeletal muscle counterparts. Analo- 
gous subunits of cardiac and skeletal troponins are the products of 
separate genes. How such differences arose and whether they represent 
important physiological advantages to an individual muscle type remains 
to be investigated in more detail. In this regard, studies concerning 
the phosphorylation of TN-I and its physiological role in cardiac mus- 
cle (55, 53) are of particular interest, as a similar role for skeletal 
TN-I has not been detected. 

It is probable that the distinctions which exist between the regula- 
tory proteins of heart muscle and their counterparts in skeletal muscle 
reflect some aspect of the functional differences between the two tissue 
types. The beating of the heart, unlike skeletal muscle contraction, is 
not under direct conscious control. Skeletal muscle must be capable of 
being switched on and off rapidly and completely. Cardiac muscle beats 
rhythmically, but never appears to exist in a completely relaxed, or 
switched off, state. It displays a high resting tension with respect to 
skeletal muscle. It is likely that differences between the troponin 
subunit analogues are responsible for this phenomenon. Whereas the mec! 
activated ATPase activity of skeletal actomyosin can nearly be shut down 
by skeletal TN-I (93), our work, and that of others (33), suggests that 
cardiac TN-I is a much less potent inhibitor. A direct physiological 
implication of this discrepancy would be a significant level of ATPase 
activity in the heart during diastole, resulting in an increased resting 
tension. A less direct cause could be proposed on the basis of the 


smaller conformational change undergone by cardiac as opposed to skeletal 
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TN-C upon binding Ca. 

This thesis has concentrated upon the role of the troponin-tropo- 
myosin complex in the regulation of the interaction between actin and 
myosin in vertebrate striated muscle. In addition to this calcium 
sensitization system, reports in the literature have implicated other 
factors in the overall control process. 

In scallop and smooth muscle actomyosins (11), control of the actin- 
myosin interaction is exerted at the level of the thick-filament, in 
the absence of troponin-like molecules altogether. This control complex 
: enue ae : Ss ‘ 
is also sensitive to Ca’. Even in vertebrate muscle, Ca at physio- 
logical levels can induce conformational changes in the thick filaments 
(103, 104). Also, it has been reported (105) that dinitrophenylation 
of a cysteine residue on the Sl portion of the cardiac myosin heavy 
chain could desensitize an actomyosin, into which the modified myosin 

; ate ' se ; 
was incorporated, to Ca regulation. Treatment of the modified myosin 
with mercaptoethanol to remove the blocking group from the cysteine re- 

: Hate 2 ies P 
stored its ability to form a Ca sensitive actomyosin. 

The conformation of actin itself may be important in any complete 
regulatory model. Cross-linked actin retains its ability to stimulate 

2+ . ; ; 
the Mg ATPase of heavy meromyosin subfragment-1 (106). However, in- 
corporation of troponin and tropomyosin into the assay system fails, in 
2 Cte a+ ; 
the absence of Ca ions, to inhibit the Mg activated ATPase. Fluo- 
: teas ae 
rescence energy transfer experiments demonstrate that a Ca sensitive 
movement of tropomyosin occurs both when the troponin-tropomyosin com- 
plex is bound to native or cross-linked actin filaments. Therefore, 
cross-linking actin apparently "freezes" its conformation in an "on 


position, and the movement of tropomyosin cannot override this switch. 
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Although much is now understood about thin filament regulation in 
vertebrate skeletal and cardiac muscle, the fine details of the control 
mechanism must be brought into clearer focus. Probing the structures 
of the regulatory proteins by chemical and X-ray crystallographic methods 
undoubtedly will lead to modifications of existing models. Further 
alterations may have to be incorporated with an increased perception 


of the roles of actin and myosin in governing their own interaction. 
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APPENDIX 


STRUCTURAL HOMOLOGIES AMONG MUSCLE PROTEINS 


Muscle cells contain a set of structurally related proteins which 
apparently perform different functions (48, 107 - 110). Interest in 
this topic began to mushroom with the resolution of the 3-dimensional 
structure of a soluble carp muscle calcium binding protein, belonging 
to a class generally known as parvalbumins, and the characterization of 
its calcium binding sites (49). Each of the 2 sites, related by an 
approximate two-fold axis of symmetry, lies in a corner between two 
helical regions. A structural analogy was made to a right hand with 
the outstretched thumb and forefinger representing the two helices and 
the approximate right angle between them representing the locus of 
calcium binding. The basic unit became known as an "EF hand", being 
typified by the E and F helices of the parvalbumin structure, and can 
be symbolized by E-Ca-F. Kretsinger proposed that parvalbumin arose by 
duplication of a primordial gene coding for E-Ca-F. This may be depicted 
as (E,-Ca-F, )-L-(E,-Ca-F,, ) (108), where L is a linking sequence of amino 
acid residues. 

The amino acid sequence of rabbit skeletal TN-C (48) was shown to 
contain four EF hands and was proposed to have evolved by 2 duplications 


of the precursor gene to give [(E,-Ca-F, )-L -(E 


prcar Ey) on (aa cane, 


a 
L,-(E,-Ca-F) )]. On the basis of the sequence homologies, a model of the 
3-dimensional structure of TN-C also was proposed (111). When the se- 
quences of the 2 alkali (112) and one DTNB (110) light chains of rabbit 


skeletal muscle myosin became available, each appeared to be related to 


TN-C and parvalbumin and to consist of 4 repeated sections of closely 
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homologous sequences. As might be expected, the sequence of bovine 
cardiac TN-C (47) showed extensive homology with that of skeletal TN-C, 
and another member was added to the group of parvalbumin-like proteins. 

The validity of proposals concerning the intricate structure of 
proteins based solely upon amino acid sequence homologies might under- 
standably cause scepticism. However, evidence is available from physical 
studies to demonstrate, at least, that the calcium binding sites of carp 
parvalbumin (113), rabbit skeletal TN-C (114) and bovine cardiac TN-C 
(42) are similar. By substituting terbium for calcium in these 3 pro- 
teins, Dr. Bruce Martin and his coworkers have examined the total emis- 
sion (TE) and circularly polarized emission (CPE) spectra of terbium 
bound to these molecules. 

For parvalbumin, terbium emission at 545 nm was maximal at an exci- 
tation wavelength of 259 nm, implicating energy transfer from a phenyl- 
alanine residue to a nearby terbium. Maximum emission at 545 nm in 
skeletal and cardiac TN-C was elicited by excitation at 280 nm, impli- 
cating a nearby tyrosine in the energy transfer process. 

Of the 3 tyrosines in cardiac and 2 in skeletal TN-C, only tyrosine 
109 in cardiac and tyrosine 111 in skeletal TN-C occur in homologous 
regions of sequence. In each TN-C, this tyrosine has been suggested to 
be part of a calcium binding site (18, 47). Furthermore, phenylalanine 
57 of parvalbumin is found to be in a homologous position with these 
TN-C tyrosine residues (18), and in the crystal structure of carp 
parvalbumin, the aromatic side chain of this phenylalanine overlaps the 
terbium in one of the calcium binding sites (115). 

More subtle conformational information may be obtained by studying 


the CPE of terbium bound to the 3 proteins. CPE, like CD, provides a 
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measure of the optical asymmetry of the microenvironment of the chromo- 
phore of interest. CPE at a given wavelength is quantitated by the 


dissymmetry factor g: 


ce Hire 


A ot 8 ara Ries Besser mr ae 
i LL + I, 


[37] 


where I and Ip are, respectively the left and right circularly polarized 
emission intensities, I is the total emission intensity and AI is the 

CPE intensity. Table VI (from (42)) summarizes the CPE properties of 

the 3 proteins and emphasized their essential identity. 

In our collaborative study with Dr. Martin and his colleagues (42), 
further additions of cardiac TN-I and TN-T were made to TN-C solutions. 
In the presence of either TN-I or TN-T, the CPE of TN-C was quenched 
completely and the TE was reduced significantly, suggesting that TN-C 
can interact with both TN-I and TN-T. In reconstituted cardiac troponin, 
the TE was reduced by about 60% and the CPE quenched entirely. This may 
be compared with a similar result employing native skeletal troponin 
(LIGIRCTab@taeaVEys 

In conclusion, these studies provided direct information concerning 
the structural homology and the geometry of the calcium binding sites of 
parvalbumin and skeletal and cardiac TN-C, as well as the nature of 


the changes in the microenvironments of the binding sites on TN-C when 


it interacts with the remaining troponin subunits. 
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TABLE VI* 


Emission dissymmetry factors for Tb(IIL) 


AK 


emission in muscle proteins 
g nm 
Bovine cardiac TN-C -0.030 544.5 
+0.024 549.8 
TN-C + TN-1 0.000 EADS (ais 
TN-C + TN-T 0.000 544.6°°" 
TN-C + TN-I + TN-T 0.000 SAunG 
Rabbit skeletal TN-C -0.029 544.3 
+0.027 549.7 
Rabbit skeletal troponin 0.000 S4a,8" 
Carp parvalbumin -0.025 544.9 
+0.029 549.9 


“From Brittain etal. (42). 
**Tn region of Tb(III) a0) —_ fey fransiLtion. 


* e e * e 
***Maximum wavelength in total emission spectrum. 
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